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Geleitwort der Herausgeber (Foreword)

Die Produktionstechnik ist fiir die Weiterentwicklung unserer Industriegesellschaft von
zentraler Bedeutung, denn die Leistungsfihigkeit eines Industriebetriebes héngt entschei-
dend von den eingesetzten Produktionsmitteln, den angewandten Produktionsverfahren
und der eingefiihrten Produktionsorganisation ab. Erst das optimale Zusammenspiel von
Mensch, Organisation und Technik erlaubt es, alle Potentiale fiir den Unternehmenserfolg
auszuschopfen.

Um in dem Spannungsfeld Komplexitit, Kosten, Zeit und Qualitit bestehen zu kénnen,
miissen Produktionsstrukturen stindig neu iiberdacht und weiterentwickelt werden. Dabei
ist es notwendig, die Komplexitit von Produkten, Produktionsabldufen und -systemen
einerseits zu verringern und andererseits besser zu beherrschen.

Ziel der Forschungsarbeiten des iwb ist die stindige Verbesserung von Produkt-
entwicklungs- und Planungssystemen, von Herstellverfahren sowie von Produktionsanla-
gen. Betriebsorganisation, Produktions- und Arbeitsstrukturen sowie Systeme zur Auf-
tragsabwicklung werden unter besonderer Beriicksichtigung mitarbeiterorientierter An-
forderungen entwickelt. Die dabei notwendige Steigerung des Automatisierungsgrades
darf jedoch nicht zu einer Verfestigung arbeitsteiliger Strukturen fithren. Fragen der
optimalen Einbindung des Menschen in den Produktentstehungsprozess spielen deshalb
eine sehr wichtige Rolle.

Die im Rahmen dieser Buchreihe erscheinenden Bidnde stammen thematisch aus den
Forschungsbereichen des iwb. Diese reichen von der Entwicklung von Produktionssyste-
men iiber deren Planung bis hin zu den eingesetzten Technologien in den Bereichen Ferti-
gung und Montage. Steuerung und Betrieb von Produktionssystemen, Qualititssicherung,
Verfiigbarkeit und Autonomie sind Querschnittsthemen hierfiir. In den iwb Forschungs-
berichten werden neue Ergebnisse und Erkenntnisse aus der praxisnahen Forschung des
iwb verdffentlicht. Diese Buchreihe soll dazu beitragen, den Wissenstransfer zwischen
dem Hochschulbereich und dem Anwender in der Praxis zu verbessern.

Gunther Reinhart Michael Zih
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Abstract

One of the main characteristics of cooperating industrial robots is their capacity
to share a common work-space as well as a common work-piece. Due to their
cooperative nature and simultaneous contact through the work-piece, programming
represents a challenging and complicated task. The objective of this research is to
simplify the programming, by imparting full position and force control over the
work-piece to the user. In order to achieve this, force observance and control had
to be tightly integrated into the programming. As a result, a multi-layered control
architecture and a flexible software environment were developed and deployed on an
industrial test-rig. The approach was successfully validated by three different appli-
cation scenarios covering oft-line, on-line and intelligent programming of industrial robots.

Eines der wichtigsten Merkmale von kooperierenden Industrierobotern ist deren Fihigkeit,
sich einen gemeinsamen Arbeitsraum sowie ein gemeinsames Werkstiick zu teilen. Die
Programmierung der Roboter stellt auf Grund des kooperativen Charakter und dem
gleichzeitigem Kontakt mit dem Werkstiick eine komplexe Aufgabe dar. Ziel dieser
Forschungsarbeit ist es, die Programmierung zu vereinfachen, indem der Nutzer die Kon-
trolle iber Positions- und Kraftregelung des Werkstiicks erhdlt. Um dies zu erreichen,
miissen Kraftbeobachtung und -regelung fest in die Programmierung integriert werden. Es
wurden eine mehrschichtige Regelungsarchitektur und eine flexible Software-Umgebung
entwickelt und in einem industriellen Priifstand implementiert. Der Ansatz wurde erfol-
greich durch drei unterschiedliche Anwendungsszenarien validiert. Diese sind die off-line,
die on-line und die intelligente Programmierung.
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Nomenclature

Variables (coordinate systems)

wW World/Global frame

R Robot/Base frame

T Tool/TCP frame

o Work-piece/Object frame

Variables (control)

X5 Vector of posture in K cartesian coordinates

0 Vector of joint angles in a manipulator

Fg Vector of forces and torques in K cartesian coordinates
T Vector of joint torques i.e. motor torques in a manipulator
0 Null matrix

1 Identity matrix

M Mass matrix (inertial components)

B Damping matrix (inertial components)

K Stiffness matrix (inertial components)

C Corilios and friction matrix

G Gravity matrix (gravitational components)

A Workspace (degrees of freedom of a device)
Abbreviations

2D 2-dimensional

3D 3-dimensional

API Application programming interface(s)

CAD Computer aided design

CIR Cooperating industrial robots

CNC Computer numerical control(led)

DIN Deutsches Institut fiir Normung (German Institute for Standardization)
DOF Degree(s) of freedom

e.g. For example



etc.
FTS
GUI
HMI
HTN
1/0
1SO
i.e.
PC
RCC
RTOS
RTP
SME
TCP
VQN
Ww.r.t.
WPBA

XII

And so forth (Latin: et cetera)

Force torque sensor(s)

Graphical user interface(s)

Human machine interface(s)
Homogeneous transformation notation
Input/Output

International Organization for Standardization
That is (Latin: id est)

Personal computer

Remote center compliance

Real-time operating system

Real-time platform

Small and medium enterprise(s)

Tool center point

Vector quaternion notation

with respect to

Work-piece based approach
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The first verses revealed in the Holy Quran
(surat el-alaq 1-5)
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Read: In the name of thy Lord Who createth
Createth man from a clot
Read: And thy Lord is the Most Bounteous
Who teacheth by the pen
Teacheth man that which he knew not

(Marmaduke Pickthall translation)






1 Introduction

Coming together is a beginning. Keeping together
is progress. Working together is success.

Henry Forp

1.1 Cooperative manipulation

It is commonly known that losing one human limb may severely affect the ability to tackle
tasks requiring physical effort. This is clearly evident in the difficulties facing humans with
impairments or physical disabilities (WorLD HeaLrn OrGanizarion (WHO) 2007)!. Losing
even a finger may disturb the balance of gripping and manipulating an object (LAURIG &
VEDDER 1998, P. 29.76). From a mechanical point of view, the human body could be seen
as composed of several cooperative manipulator systems working in tandem to facilitate
the execution of everyday-life tasks (Figure 1.1). On the smallest scale of manipulation,
fingers represent the first cooperative system in the human’s arsenal. Roughly thirty
degrees of freedom (DOF) exhibited by the human hand offer an unprecedented level
of fine manipulation and numerous techniques for flexible gripping (LN ET AL. 2000).
On a larger scale the human arms represent the second system, whether attached to the
same body or not. Their ability to augment fingers with load sharing and manipulation in
larger workspaces, render the combined hand-arm system a more so sophisticated system.
Although the human legs are seldom applied together with the arms?, it nevertheless
constitutes an important ingredient of the larger manipulation capability manifested in the
human body. Legs provide stable locomotion which physically expand the manipulation
workspace and render it virtually infinite. Remarkably, the latter three systems rarely act
alone. Instead they work together in different arrangements in accordance with the task
given. For instance, moving an object from one location to another entails the simultaneous
and coordinated application of all three systems. Not only are human limbs capable of
working alone, but they could be cascaded with others to collaborate on larger tasks.

'The WHO’s International Classification of Functioning, Disability and Health (ICF)

2This statement is only true in the sense that hand-leg dependency is not biologically equivalent to hand-arm
dependency. Otherwise it is clear that leg movement (locomotion), especially running, requires a specific
synchronized arm movement
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[a] Fine Manipulation [b] Load sharing [c] Locomotion

Figure 1.1: Cooperating manipulators in human beings

1.2 Cooperation in industrial manipulators

In the quest to automate human tasks, engineers have sought to build manipulators which
could mimic the manipulation capabilities of humans®. Although far from replicating
their performance, industrial robots helped propel production forward by rendering au-
tomation of monotonous tasks cost-effective, hereby immensely contributed to increasing
manufacturing productivity (Craic 2005). As processes became more complicated and
sophisticated, teams of robots cooperatively working together in unison were envisioned
(CHRISTENSEN ET AL. 2009, P. 10). From sharing a common workspace to processing
a shared work-piece in tandem to working with humans in their vicinity; cooperating
industrial robots (CIR) were regarded as a natural extension to the development of in-
dustrial robotics and a prerequisite for future flexible manufacturing paradigms (RUcKEL
2006)(GAuseMEIER ET AL. 2011). As the next logical step in a booming industry, robot
manufacturers started marketing their respective cooperating robot systems in the mid
2000’s. Given their distributive and dexterous nature, CIR are ideal as flexible jigs and
fixtures (Figure 1.2). By allowing several robots to hold a work-piece and to move it in
tandem, the work-piece could be flexibly positioned to be processed (STODDARD ET AL.
2004)(InaBA & SakakiBarA 2009, P. 357). Furthermore, this permits access to areas on
the work-piece which are otherwise deemed inaccessible with static fixturing (KurtH
2005). The dexterity of CIR also makes them very useful in handling very large or even
flexible work-piece which require synchronized movements to retain a given (SUN ET AL.
1996)(TzerANIs ET AL. 2005).

In addition to utilizing the robots as dynamic fixtures, they also simplify the material
flow through the work-cell by undertaking a secondary role as part handlers. Analogous

3 According to the Merriam-Webster dictionary a robot is: a machine that looks like a human being and performs
various complex acts (as walking or talking) of a human being
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Flexible positioning

Increased accessibility

Figure 1.2: Capabilities of cooperating industrial robots
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to cooperation in human bodies, the advantages of CIR are increased dexterity and load
sharing capability. Indeed these are readily translated into manufacturing-wide gains such
as enhanced process productivity, achieving higher quality and additional flexibility (Aral
ET AL. 1995)(RuUckeL & FeLpmann 2005). Attaining higher process productivity ensues
through reducing the investments by building more compact systems and hence requiring
less components. Additionally saving redundant intermediate steps by executing processes
during transport and avoiding changing fixtures which in turn reduces process cycle time
and thereby increasing productivity (REINHART ET AL. 2008b). On the other hand, process
quality has a direct impact on product quality. Given that industrial robots are capable of
accurate positioning with high repeatability this significantly increases the product quality
(REINHART & ZaAN 2009). During the execution of a process, maintaining a constant
relative speed would result in a lower cycle time while simultaneously guaranteeing the
process quality stays within the permissible ranges. Regarding flexibility, industrial robots
are without a doubt considerably easier to reconfigure by re-programming, compared
to conventional jigs and fixtures which are constructed of static structures (LEWIS ET AL.
2003). Since industrial robots are distinguished by their capability to be adopted to variable
process needs, they automatically increase the flexibility of a given process (VENKATESAN
& KarnaN 2009).

1.3 Scope of work

Regarding tightly and loosely coupled systems

Cooperative operation with industrial robots covers two basic areas. The first represents
the act of active engagement in executing a task together. This dictates that the
manipulators are dynamically connected, commonly termed tightly coupled (TzAFESTAS
ET AL. 1998). On the other hand if the manipulators don’t physically interact i.e. executing
tasks simultaneously, they are commonly termed loosely coupled (CARDARELLI ET AL.
1995). Since in both cases the manipulators share a common workspace, the emphasis on
the former is the dynamic interaction between the manipulators and on the latter is how to
avoid collision between the manipulators during movement (TErapa 1998). The thesis
addresses the first case and to some degree, the second.

Regarding robot type or class

Although the manipulators under consideration in this work are typical commercial robots
similar to those used in production facilities worldwide, it is not the author’s intent to
limit the scope of the ideas developed here to this particular class of robots. Hence, the
arguments and methods will be treated in a manner rendering them applicable to other
classes of robots, for instance dual-arm or mobile robots (PARk & Park 2008)(KuME ET AL.
2002b). These are particularly interesting due to their small weight/payload ratio and
possible mobility. Furthermore, their limited perimeter requirements make them an ideal
candidate for two-handed tasks, entailing a high level of dexterity and fine manipulation.
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1.4 Thesis outline

This thesis is divided as shown in Figure 1.3: Chapter 2 explores topics addressing CIR
in both research and industrial field. Interdisciplinary topics such as programming and
interaction control are not exclusively handled from a CIR point of view in order to
maintain their generic scope. Based on apparent drawbacks of available technology and
research efforts in this field, an approach to simplify programming of CIR is proposed
in chapter 3. To translate this approach to reality, task and system prerequisites are
investigated in chapter 4. Consequently a conceptual framework is developed to implement
the proposed approach is developed. This framework serves as the backbone of the three
subsequent chapters. In chapter 5 the control ideas behind the proposed concept are
analyzed and a control architecture representing a realization of the control module in
the framework will be developed. In chapter 6 a software environment representing the
technical realization of the software module will be developed. Chapter 7 discusses the
development of an industrial test-rig which covers the rest of the framework, namely device
components and communication architecture. Chapter 8 demonstrates the feasibility of
the proposed approach and its technical implementation by validating it in three different
programming scenarios. Subsequently, the approach will be assessed from a technical
and economical point of view. Finally, chapter 9 concludes the thesis and presents an
additional outlook for further research in this field.
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Figure 1.3: Thesis outline



2 Literature Review

To know, is to know that you know nothing. That is
the meaning of true knowledge

SOCRATES

2.1 Introduction

CIR denote a group of industrial manipulators sharing a common workspace (Lun &
ZHENG 1987). This definition avoids specifying the type of interaction between the ma-
nipulators and hence implicitly includes all interaction types in a common or shared
workspace. Accordingly, the field of CIR could be roughly divided into two main branches
(TzaresTtas ET AL. 1998). The first branch primarily addresses the case of CIR sharing a
common workspace, but nevertheless performing independent tasks namely contact-free
(CARDARELLI ET AL. 1995). The main issue encountered here is to generate optimal trajec-
tories for the concurrent movement of the manipulators while simultaneously avoiding
inter-robot collisions, satisfying task requirements and keeping within the manipulators’
joint constraints (CHor ET AL. 1999). On the other hand, the second branch deals with
robots which not only share a common workspace but also share the same work-piece
(KosuGe ET AL. 1997). In this case the robots are expected to physically interact with each
other through this work-piece which represents the focus of the process. As mentioned in
section 1.3 this work covers the latter class. Owing to the diverse nature of the thesis, the
literature review is not limited to scientific research in this area but also to state-of-the-art
commercial systems and modern industrial practices. The multi-disciplinary nature of the
work requires dividing this chapter into three main sections:

1. Industrial robot programming techniques: classical and modern methods for pro-
gramming industrial robots are introduced.

2. Interaction control of industrial robots: definition and classification of interac-
tion control for robotic manipulators is discussed in both research and industrial
capacities.

3. Cooperating manipulators: the first part thereof will discuss the work done in
cooperative manipulation in the research community and the second will investigate
state-of-the-art commercial systems and their common features.
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At the end of the chapter a discussion will highlight the limitations of current CIR systems.
As seen in Figure 2.1. The case for the proposed approach in this thesis will be constructed
from the overlap between the latter three topics.

N

[ .
\ On-line |
\

.

Task level

Industrial robot
programming
techniques

' control

™~
-
Commercial |
Remote stems /
i Center o )
' Compliance / Interaction Cooperative —
\\% S control manipulators P

Scientific |

P
i/ Passive % research

{ vs. y

Figure 2.1: Literature classification

2.2 Industrial robot programming techniques

As specified in (DIN EN ISO 8373 1996), programming an industrial robot entails creating
a user application for a production task. Research efforts tend to classify different pro-
gramming techniques according to the location of programming (HumMBURGER 1997)(WECK
& Brecuer 2006, P. 378). In this classification scheme, if programming occurs either in
the vicinity of the robot or directly on the factory floor, it is termed ’on-line” (DIN EN ISO
8373 1996, section 5.2.3). While creating a program in a location separate from the robot
is termed ’off-line” (DIN EN ISO 8373 1996, section 5.2.4). Other researchers classified
programming techniques according to the level of task abstraction (BiGGs & MACDONALD
2003)(Haun 2007 )(Dimann 2010). In the following sections classical on-line/off-line pro-
gramming techniques will be introduced and subsequently augmented with task-oriented
methods thereby covering goal-oriented programming techniques as described in (DIN
EN ISO 8373 1996, section 5.2.5).

2.2.1 On-line programming

On-line programming is characterized by leading the robot through a sequence of desired
movements by an operator in the vicinity of the robot (DIN EN ISO 8373 1996, section
5.2.3). Although these methods are easy to learn and produce highly accurate robot
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programs executed on the robot (see Figure 2.2), they cause a significant loss in production
time especially if the task is complicated (Hesse & Matisa 2010, P. 74). This is attributed
to the fact that programming takes place in a production cell on the factory floor and hence
contributes to production downtime (HAEGELE ET AL. 2008, P. 977). According to (DIN
EN ISO 8373 1996, section 5.2.3) the two major on-line programming techniques are
programming by Teach-In and Lead-through methods.

Teach-in @]

Lead-through ﬁ
Intuitive HMI J

Programming Deployment

1: MOVE INSTRUCTION
2: MOVE INSTRUCTION

N: INSTRUCTION

Figure 2.2: On-line programming process

2.2.1.1 Teach-in

This method is based on an ergonomically designed teach-pendant which allows the user
to precisely control the robot’s movement whilst being in its vicinity (HEsse & MaLisa
2010, P. 74). Such pendants usually contain programming specific features such as buttons
for saving and editing the program, a joystick! for easy manipulation of the robot or even
a 3D Mouse?. Additionally, process specific features such as emergency stop and safety
indicators are usually included (KREUZER ET AL. 1994, P. 247)(HorLzBock 1996, P. 344). In
addition to programming those pendants serve as the human machine interface (HMI) with
the robot. Hence they are coupled to the robot controller from the respective manufacturer
(DE1seNroTH & KRrIsHNAN 1999, P. 341). The teach-in process commences by moving the
robot in a reduced speed mode® along the desired path while constantly checking whether
the points on the path correspond to the actual process. The programmer is allowed
to move the robot in either tool center point (TCP) coordinates or joint coordinates i.e.
separately moving each motor, during which key-points are saved in the program. Finally,
the user can add branching and logic instructions to the movement instructions and test
the program to check whether it corresponds to the desired functionality (HoLzBock 1996,

'e.g. FlexPendant from ABB Group
2e.g. KR CX Teach Pendants from KUKA Robot Group
3In most commercial robots the speed during teach mode is automatically reduced
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P. 348). Although teach-in represents one of the most simple programming techniques, it
requires considerable knowledge of robot kinematics and coordinate systems in order to
fully understand the programming operation.

2.2.1.2 Lead-through

Lead-Through or playback methods are characterized by enabling the programmer to hold
the robot either from its TCP or from similar kinematic structure and move it along the
required paths (SCHRAFT & MEYER 2006)(DEisENrROTH & KRISHNAN 1999, P. 347). During
movement, the robot controller saves data sets containing either the actual position and
orientation of the TCP or the readings of the joint angles at equal time intervals (HESSE
& Mauisa 2010, P. 74). By replaying these data sets the robot duplicates the motion
executed by the programmer. The most basic form of this method started in the 80’s
where back-drivable motors with mechanisms to counterbalance the weights were utilized
(HaEGELE ET AL. 2008, P. 977). This soon evolved to applying compliance control in
order to counter the size restrictions. By measuring the forces using a force torque sensor
(FTS) at the TCP and utilizing a simple compliance control scheme, the robot could be
rendered movable from the its tool by sheer human effort (WinkLEr 2006, P. 25-67). A
similar scheme utilizes torque sensors on the joint motors and hence making each joint
independently movable by applying force to it (GRUNWALD ET aL. 2003). Modern light
weight robots take advantage of their light structures and offer this teaching method either
by back-drivable motors or joint torque measurement*. The apparent advantage of this
method is its intuitiveness and the ability to execute complicated motions within a task by
mimicking the human’s motions. However, the recorded points can not easily be edited
later making changing the whole trajectory module inevitable each time a small deviation
occurs.

2.2.1.3 Modern approaches

On-line teaching has garnered a lot of attention from researchers world-wide due to its
simplicity and intuitiveness. Many in the research community have geared their work to
overcome the drawbacks of the aforementioned methods. Whether it be by sensor-assisted
programming or by re-inventing the discipline all together through incorporating new
devices or techniques. A fresh take on the classical lead-through programming method
was presented in (Maepa ET AL. 2008). Where the operator moves the robot through
a volume hence defining a collision free space for the given task. Consequently this
information is used to automatically generate a TCP based trajectory conforming to the
swept volume. REINHART ET AL. (2008¢) for example, attempted to augment the trajectory
taught using an input device with a force sensor. This was located at the TCP to overcome

4An example thereof is the KUKA LWR (http://www.kuka-robotics.com/en/products/addons/Iwr/) and Universal
Robot’s URG robot (http://www.universal-robots.com/)
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positional discrepancies during contact with stiff environments. A similar approach was
investigated in (NETo ET AL. 2009), where force control assisted tasks were mandated by
verbal commands and translated to robot code with speech recognition. Furthermore, the
Nintendo wireless remote device (WiiMot) was utilized as an intuitive and wireless teach
pendant, where human gestures were extracted and interpreted in robot motion instructions
using artificial neural networks. Other popular research directions were based on utilizing
camera based tracking for tracking the operator’s hand movements holding a stylus or
guiding device. This can be extended to include assistance functions in a model based
on-line simulation environment (HeN ET AL. 2008). Additionally, the user can even directly
interact with spatial trajectories through intuitive metaphors projected on a work-piece
(REINHART ET AL. 2007).

2.2.2 Off-line programming

Off-line programming denotes the act of programming the robot using a PC-based simula-
tion environment or other means without actually needing an actual industrial robot (DIN
EN ISO 8373 1996, section 5.2.4). Therefore allowing the robot’s program to be devel-
oped independently from the production cell and subsequently deployed on it (INABA &
SakakiBara 2009, P. 357). The need for off-line programming stems from the deficiencies
inherent in on-line programming as discussed in the latter section. The major disadvantage
being unable to create large, complex programs. By separating the programming process
from the production cell, robot downtime is avoided hence increasing productivity of
the manufacturing line. Furthermore, using standard interfaces with commercial robots
make it possible to create programs applicable to robots from different vendors (Yone &
Bonney 1999, P. 354). Thus making it feasible to change the hardware without having to
re-program the whole task. Standardization efforts have culminated in the RSS (Realistic
Robot Simulation); a de facto standard for defining robot models (BERNHARD ET AL. 2002).
Despite its numerous advantages compared to other programming methods, off-line suffers
from an inevitable and fatal issue. Differences and discrepancies between the actual real
world and the idealized virtual world render the code generated in an off-line manner
useless without further on-line adaptation or sensor-based calibration (WEcK & BRECHER
2006, P. 380) as illustrated in Figure 2.3. These differences and deviations could be
attributed to (YonG & BoNnEy 1999, P. 357-358):

1. The exact spatial locations of objects in a robotic work-cell are never precisely
conveyed to the virtual world.

2. Tight tolerances in the robot components (linkages, motor etc.) cause errors, which
are eventually compounded to produce large errors at the TCP.

3. Difference between the numerical accuracy of the simulation environment and the
controller’s resolution.
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4. Environmental factors, such as temperature can affect the robot’s operation in the
most unpredictable ways.

To overcome the latter factors, researchers have been investigating methods and techniques
to simplify calibration (Sunnanso 2003, P. 17). Moreover, some research works advocated
using real world data to update off-line simulation (DENKENA ET AL. 2004)(BRECHER ET AL.
2010). Robot manufacturers have also been concentrating on the accuracy of off-line
programming which has been dramatically enhanced (Hesse & Matisa 2010, P. 199). In
spite of all the latter efforts, off-line programming and its subsequent factory floor adapta-
tion still represents a major monetary and technical hindrance against the proliferation of
robots in many production facilities, specifically in SME (ScHrAFT & MEYER 2006)(PIRES
2008a).

________________________________________

Programming Adaptation & Calibration Deployment

Figure 2.3: Off-line programming process

2.2.2.1 Text-based

The most basic form of off-line programming is the text based method. Each robot
manufacturer offers a native language specific only to its robot. Notable examples thereof
include KUKA KRL, ABB Rapid, Adept V+. Although the syntax of each language differs
according to respective implementation details and design preferences, basic requirements
have to be met. For instance, motion instructions have to include both linear motions and
also joint motions. Additionally, loops (FOR-loop, WHILE-loop) and branching statements
(IF-THEN-ELSE) have to be included (Weck & Brechir 2006, P. 398). Analogous to
writing code for a PC-task, an editor is needed to create and edit programs, which may
be included with the robot software or independently acquired. Robot languages are
increasingly becoming more complicated to cater for the needs of modern robotic tasks.
They have also been burrowing structural features from PC languages like the ability
to organize functions in modules and executing several tasks in parallel (multi-tasking).
Given that the robot is usually one component of several devices in a work-cell, most
languages include external communication capabilities. Whether bus-based e.g. CAN-bus,
PROFIBUS and Ethernet or signal-based e.g. digital and analogue inputs/outputs.
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2.2.2.2 Simulation-based

The wide spread nature of graphic simulation environments make them synonymous with
off-line programming. This is made possible by the multitude of robot simulation software
available nowadays from robot manufacturers to independent software houses. Figure 2.4
shows several commercial off-line simulation environments which are widely employed in
production facilities (SieMens AG 2011)(Dassaurr Systems 2011)(KUKA GmsH 2011c¢)
(ABB-Group 2011). These software tools sport several features in common (YonG &
Bonney 1999, P. 355)(HaeGeLE ET AL. 2008, P. 977), such as:

3D Modeller

Tree View

Although not necessarily a fully featured CAD package, the modeller
contains the basic shapes (sphere, box, planes etc.) and related 3D editing
functions (union, merge etc.). This however is meant to complement the
ability to import 3D models from dedicated CAD-packages. Supported
3D data usually include the most widely used standard formats in com-
puter aided design (CAD) tools such as IGES (International Graphics
Exchange Standard) and STEP (Standard for the Exchange of Product
Model Data).

Mechanical components (fixtures, robots etc.) and virtual components
(coordinate systems, trajectories etc.) in a project are listed in a heirar-
chial manner. Using this visualization technique, the structure of the
system is not only intuitive to understand but also to find and edit the
relationships between components which is easier to accomplish.

Kinematic Simulation

Robot Jogging

Program Editor

The main aim of an off-line simulation is the ability to simulate the
movement and behavior of the robot in the confines and safety of a
virtual world. Most environments contain kinematic engines capable of a
near-realistic simulation. Some even offer dynamic simulation which is
much more complicated and offers no significant advantage w.r.t. motion
programming. Extra capabilities may also include collision warning and
detection between object groups in the virtual world.

Jogging a robot is the ability to move a robot either by text input or
through direct graphical interaction with the virtual model. Jogging
modes can be divided into joint mode, where each motor is independently
operated or cartesian mode, where the robot’s TCP is moved w.r.t. a
given coordinate system.

The program editor facilitates a convenient method to create and edit
the robot’s program in its native language (see latter section). Assist
functions, such as copy, paste, search and replace are usually the norm
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for such editors. Additionally, the programmer can execute the program
and visualize the robot’s movement in a virtual mode allowing him to
debug it before downloading it on to the real controller.

Automatic Code Generation
The user could automatically generate robot code after manually jogging
the robot through the task space and saving key positions. Moreover
some environments extend this capability to synchronize the code di-
rectly with the real controller.

Assistance Functions
Many environments offer functionalities specific only to their respec-
tive platforms to simplify the programming process. Two examples
of task-oriented-functionalities are path optimization w.r.t. cycle time
and palletizing functions. Moreover some offer development-oriented
functionalities in the form of an application programming interface (API)
or a remote control interface.

GNNLE LS VO POEEFARBYN A
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[c] DS Delmia [d] ABB RobotStudio

Figure 2.4: Commonly used commercial off-line simulation software
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2.2.2.3 Visual programming

On the contrary to text-based programming, visual programming tries to simplify the
interaction with the programming environment by allowing the user to visually model
the operation sequence (WEck & BRrecHER 2006, P. 403). Most of them use cues from
flow-chart, graph or diagram representations (Weck & DamMmERTZ 1995)(Bices & Mac-
ponNaLD 2003). Hence the required program behavior is described in an easy-to-decipher
manner with graphical icons and connections between them. Furthermore, understanding
the relationships between the different program parts and subsequent debugging is easier
to achieve. Although the user experience and usability of the software is greatly enhanced,
the versatility and capability of the software is correspondingly jeopardized making it less
flexible than its text-based counterparts (MacDoNALD ET AL. 2003)(BiGGs & MACDONALD
2003). A successful example is the Lego Mindstorm NXT (Leco Group 2011) graphi-
cal programming environment introduced in 2006, namely NXT-G. its intuitiveness and
simplicity allows children to program sensor-based robots with remarkable ease. Another
example from Microsoft is the Robotics Developer Studio (MicrosoFT CORPORATION
2011) which is not limited to industrial robots and contains a multitude of functions and
simulation capabilities. Within the European research initiative AMIRA Consortium
(Advanced Man Machine Interfaces for Robot System Applications) a general style guide
for developing graphical user interfaces for industrial robots was developed (ScHRECK
1998). The follow-up project MORPHA focused on the programming user interface area,
uses touch and speech to manipulate an icon-based programming language (BISCHOFF ET AL.
2002). Given the need to standardize such interaction techniques, the findings of these
projects culminated in an ISO standard for designing graphical user interfaces for robots
(ISO 15187 2002).

2.2.3 Task-level methods

A departure from the classical programming techniques which depend on the location
of programming(on-line vs. off.line), task-level or task-oriented programming methods
emphasize the description of the goals to be achieved (MacDoNAaLD ET AL. 2003). They
advocate a higher level of instruction abstraction, thus making the task of programming
accessible to anyone with task knowledge rather then programming knowledge. This
however entails three essential steps. The first is creating or obtaining a highly detailed
model of the robot and its surrounding environment including all geometrical and physical
properties. The second is the encapsulation of low level motion instructions into high
level task descriptions. And finally, the system should be capable of translating the
task description into robot motion (AL-QAsimi ET AL. 1995). Moreover, autonomous or
intelligent functions to interpret the task specifications according to the sensor-based
perception could be added to increase the work-cell’s adaptability and flexibility (INABA
& SakakiBARA 2009, P. 352). Task-oriented programming systems could be considered
as to cover the spectrum between what Higele (HAEGELE ET AL. 2008, P. 978) terms a
product-centric and a process-centric programming system. Closer inspection reveals
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that this class of methods and their manifestation in programming systems are but a step
in the direction of full automation (Yonc & BonNey 1999, P. 360). Although different
implementations of task-level programming are abundant in literature they are yet to find
wide spread application in practice. This could be attributed to the modeling inaccuracy
and the limitation of defining manufacturing process in abstract forms without sacrificing
the solution’s generality (HAEGELE ET AL. 2008, P. 979). Such systems are usually tailored
for one application thereby addressing specific domains. For example, in the welding
domain, a programming system for remote-laser welding was developed and tested on real
parts (REINHART ET AL. 2008a). While in the assembly domain (CASTUERA ET AL. 2004) clues
for assembly were specified to an artificial neural network controller which implements
different assembly strategies according to both task specification and forces on the TCP.
Researchers have also investigated hybrid systems which are based on the classical on-line
and off-line programming paradigms coupled with task-level strategies (CHEN 2005).

2.3 Interaction control

2.3.1 Types of tasks

This section addresses the interaction between a robot and its immediate environment.
From a task point of view, interaction is defined in terms of the constraints acting on the
robot (VukoBraTovIC ET AL. 2008, P. 1-3), and hence could be readily divided into tasks
imposing no constraints and those imposing specific constraints on the robot.

Unconstrained tasks

Unconstrained tasks are defined as those that require no physical interaction between the
robot and the environment (Sciavicco & SiciLiano 2005, P. 5). It is therefore the objective
of the robot to position itself as accurately as possible in a predefined pose w.r.t to the
environment, or move along a trajectory with a predefined speed. Depending on the
number of DOF of the manipulator, controlling the position also involves controlling the
orientation of the TCP. Motion control was one of the earliest problems extensively studied
in robotics (Craic 2005, P. 299). Consequently, numerous successful implementations
of position control schemes were deployed in commercial robots leading to their near
ubiquitous presence in certain manufacturing processes nowadays. Typical applications
for this class are for example spray painting, pick and place, arc welding and remote laser
welding. Despite their proliferation, these tasks represent only a small fraction of the
whole range of manufacturing tasks that could be automated by robots (VukoBrATOVIC
ET AL. 2008, P. 2).

Constrained tasks

Constrained tasks on the other hand involve direct interaction with the robot’s environment.
Interaction in this regard means creating (at the moment of contact) and maintaining
(during contact) a mechanical coupling with static or dynamic objects in the robot’s
immediate environment (Sciavicco & SiciLiano 2005, P. 271). Such tasks can be broadly

18



2.3 Interaction control

divided into two classes. The first class represents tasks requiring precise control of
the forces and moments arising at the TCP, usually necessary in machining tasks e.g.
cutting and deburring (PIREs ET AL. 2002)(STELZER ET AL. 2008). In this case forces directly
affect parameters vital to the quality of the process for instance metal removal rate and
plastic deformation (ZuanG 2005). While the second class represents tasks which require
precise positioning; but due to deviations between the programmed path and the actual
environment they can not be classified as unconstrained tasks. On that account, contact
here develops as a byproduct of positional deviations commonly experienced during the
assembly of mating parts in manufacturing processes (NEWMAN ET AL. 1999)(PARK ET AL.
2008).

2.3.2 Interaction control classification

Despite being a very active topic in robotic research for the last three decades, no standard
classification scheme for interaction control actually exists. Furthermore, terminology
and naming notations of similar control schemes vary from one researcher to another.
SurpiLovic & VukoBratovi¢ (2002, P. 23.3) published a comprehensive classification,
which starts by dividing interaction control into passive and active control schemes as
shown in Figure 2.5.

Robot interaction
In the task space

I
! l

Passive Active

! ! l

Fixed Adaptive Force Hybrid Impedance

1«

mx + d¥ + cex

w

Figure 2.5: Classification of interaction control schemes in the robot task space according
to SurpiLovic & VUkoBRATOVIC (2002)

2.3.2.1 Passive control

Passive control schemes allow the robot to react to forces due to inherent compliance
whether structural or controller based (KuaLiL & Domsre 2002, P. 378-380). Duly the
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stiffness of the robot is intentionally lowered by a multitude of methods to achieve this.
One of the more popular methods widely deployed in industrial practice is the remote
center compliance (RCC) device (WHITNEY 2004, P. 260). Another method is building
sufficient compliance in the robot’s mechanical structure i.e. increasing the joint and arm
elasticity (Prerrrer 1992)(ANG JR & ANDEEN 1995) to accommodate forces on the TCP.
The latter are termed ’fixed methods’ due to their constant behavior, since they depend on
components that are not interchangeable or adaptable to the needs of the task. If however,
RCC devices were adjustable (CHun 1992) or structural compliance was tunable through
motor servo-gains they, would then fall under the adaptive category.

2.3.2.2 Active control

Active control differs from passive control in that it requires the measurement and feedback
of forces on the robot’s TCP to achieve a specific robot behavior during interaction. In the
force control scheme, the forces and position are simultaneously controlled to track the
nominal positions and forces (EpPINGER & SEERING 1987)(BiGRraS ET AL. 2007a). While in
the hybrid control scheme both forces and positions are controlled in orthogonal subspaces.
Therefore the directions in which the robot interacts with the environment (constrained)
are force controlled while the directions in which the robot is allowed to move freely
(unconstrained) are position controlled (RaBERT & Craic 1981)(Craic 2005, P. 373-378).
On the other hand impedance control advocates controlling the relationship between the
robot and the environment thereby acquiring a target impedance (HoGan 1985)(BiGrAs
ET AL. 2007b). Implementing latter control schemes is usually executed in either the joint
space or in the task space. This depends on two major factors; the first is the availability
of a near-realistic dynamic model of the robot and the second is the interfaces available to
control the robot i.e. whether access to motor control is permitted (ZHANG ET AL. 2004).
The latter factor also plays a role in re-structuring the control schemes around the position
controller of the robot where the controller’s output is defined in terms of a correctional
position signal (PELLETIER & DoyoN 1994)(LANGE & HIRZINGER 2005)(WINKLER & SucHY
2007b).

2.3.3 Remote center compliance

Given the wide spread application of these types of devices in manufacturing processes
(involving interaction), they will later be separately discussed. RCC devices were first
developed in The Charles Stark Draper Laboratory (DrAkE & Smvunovic 1979). Initial
investigations resulted in mathematical models to facilitate the fitting of parts with non-
compliant mechanisms i.e. robots (HoLzBock 1996, P. 91). Based on these models, the
first devices for mechanical compliance were developed and patented (DrRAKE & Simunovic
1979)(DE Fazio & WHiTnEY 1984)(WHITNEY 1985). Although their development continues
to present day, the principles upon which the devices are built are unaltered (HoLzBock
1996, P. 92). As seen in Figure 2.6 an RCC consists of two parts; a translational part
allowing movement in the lateral direction and a rotational part allowing movement in
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the angular direction. The ’remote center’ represents the optimum location at which
the insertion process may take place. In order to avoid jamming or wedging, specific
conditions regarding clearances and friction coefficients have to be met. Additionally,
at least one of the parts in the assembly process has to possess chamfered edges. The
mechanical embodiment of this principle consists of two plates connected by several
columns of elastic pads interspersed with metal plates (HosHizaki & Bopp 1990, P. 238).
This geometrical formation offers much higher stiffness in compression than in shear,
subsequently causing the lower plate to move in a lateral and/or torsional direction w.r.t.
the upper plate (WHrtNey 2004, P. 260). By changing the type of elastic material and the
geometrical stacking shape, the compliance of the device could be altered to correspond
to specific application requirements. Furthermore, commercial devices are built in a
manner allowing them to be easily mounted between the manipulator and the gripper using
standard adapters. In practice, RCC devices are selected and deployed according to the
following criteria (HosHizaki & Bopp 1990, P. 238-240):

1. Nominal values of misalignment correction could be achieved at the remote center
point. Any change in the distance between the mounting face of the RCC and the
remote center point adversely affects the insertion process.

2. The repeatability of the RCC must be considered in the context of the whole robotic
system. Hence it is imperative to select the RCC conforming to the tolerances
expected from a system.

3. Given the inherent compliance of an RCC, oscillation of the work-piece during
movement of the robot is inevitable. Hence the natural frequency of the device
is selected so as to reduce the damping time of the oscillation based on the given
weight class.

Although the vast majority of RCC devices exhibit constant behavior, tunable devices have
also been developed (CHun 1992). Additionally, researchers investigated the classical RCC
principle to achieve more accurate mathematical models (CiBLAk & LipkiN 1996)(CiBLAK
& Lpkin 2003).

2.3.4 Impedance control

On the contrary to direct force control, impedance represents a general framework for
controlling the dynamic interaction of robots with environments (VUkoBRATOVIC ET AL. 2003,
P. 4) which was introduced by Hogan in his seminal work in 1985 (Hocan 1985)(HoGcan
1989). The naming convention owes itself to the electrical engineering discipline from
which the original idea stemmed. Instead of defining and controlling a certain force at the
interaction’s interface i.e. TCP, it defines the shape of the dynamic interaction. Hence,
the controlled variable is neither the positions nor the forces but rather the relationship of
interaction (NaGcHAUDHURT & GARG 2001). Such control techniques are beneficial when
the magnitude and direction of the forces are not vital to accomplishing the task at hand.
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Figure 2.6: Design principle of an RCC device

In other words, it is adequate to position tasks with forces as a byproduct e.g. assembly
rather than tasks that require specific forces e.g. machining (Bocue 2009). This does
not imply the fact that forces arising at the impedance interface are uncontrollable. By
augmenting control loops with force monitoring, forces can be conveniently kept within
specific limits. Additionally impedance control can be implemented without the explicit
knowledge of the robot’s model, which is particularly beneficial in industrial systems
since they only offer a direct interface to their position control and not to the motor
current control (PELLETIER & Doyon 1994)(TaN et aL. 1997)(BiGras ET L. 20072)(BiGras
ET AL. 2007b). Ongoing research in impedance since the mid-eighties resulted in different
implementations which in turn reflected a large variety of situations suitable for this control
strategy. Several researchers experimented with higher order impedance by introducing
force derivatives in the relation between positions and forces (LEg & Lee 1991). Others
applied adaptive control techniques such as varying the target parameters during runtime
to accommodate changes in the system state (Marko T AL. 1999) or on-line adaptation
of impedance parameters using artificial neural networks (Tanaka & Tsust 2004) or other
learning mechanisms (Qia0 & Znu 1999).

2.3.5 Applications

Historically, commercial robot manufacturers focused on application domains which rep-
resent unconstrained tasks for instance material handling and simple pick and place tasks.
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So to say, positional capability® instead of the interaction capability of the robot was the
focus of development. Albeit industrial deployment staggered, research in unconstrained
tasks didn’t lag behind (CaccAVALE ET AL. 2005)(INTERNATIONAL FEDERATION OF RoBoOTICS -
IFR StatisticaL DeparTMENT 2009, P. 329). The two application domains where research
in constrained task flourished were robotic assembly and robotic machining.

2.3.5.1 Industrial assembly

Since industrial assembly is considered one of the most labor intensive and respectively
the most cost intensive process, it was at the forefront of research in robot interaction
control (RaMPERSAD 1995). But due to the delicacy and complicated nature of assembly
processes, the promise of robotic automation in practice -at least not to its fullest potential-
never materialized. Nevertheless several research efforts culminated in control frameworks,
guidelines and approaches to the problem. One of the major contributions to this field
was W.S. Newman and his team. They developed controllers suitable for a wide range
of assembly tasks (GLosser & NEwMaN 1994) and showed that by combining it with
autonomous search and parameter optimization (NEwmaN & WEr 2002), they could be
utilized for intelligent assembly (NEwMaN ET AL. 2001) in practice at the FORD assem-
bly plant (NEWMAN ET AL. 1999)(GrAVEL & NEwMAN 2001). In several other initiatives,
interaction control was coupled with image processing to facilitate a combined visual
and force servoing (MoRROW ET AL. 1995)(voN CoLLANI ET AL. 1999). This combination
entrusts the image processing module with the task of finding the target location and hence
planning the gross transport motion ScHMITT ET AL. (2008). Once the assembly phase starts
and given the tight-tolerance nature of most assembly tasks, the force control module is
applied to ensure the successful completion of the task (JorG ET AL. 2000)(CHEN ET AL.
2007). Furthermore, given the 3D geometric models of the parts, off-line optimization
techniques were investigated to generate optimal force control parameters(ARAI ET AL.
2006).

2.3.5.2 Machining processes

Although machining and finishing processes were traditionally dominated by computer
numerical controlled machine tools (CNC) and custom built machines, robots are finding
increased deployment in this field. Their key advantage compared to traditional CNC lies
in their flexibility regarding DOF and the comparatively larger workspace (ABELE ET AL.
2008a)(Han & Sun 2008). Hence, making them ideal for machining complicated and/or
large work-pieces (ABELE ET AL. 2005). Additionally, integrated material handling and
easier programming compared to CNC machine tools results in quicker changeover times
for small batch sizes (Bocue 2009). In recent years, solutions appeared on the market

3This includes both absolute accuracy and repeatability.
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regarding operations ranging from heavy-duty tasks such as cutting and deburring to lighter
tasks such as polishing (PIREs ET AL. 2002)(BiLBao ET AL. 2005)(ABELE ET AL. 2008b)(HAN
& Sun 2008). However, not all machining operations are suited for robots given the
relatively low structural stiffness of the robots; resulting in unacceptable process quality
adversely affecting the process productivity (Zuana 2005). By making the technology
more affordable for customers, ongoing research in robotic machining has been trying to
transfer the wealth of knowledge in this type of interaction control to practice (ELBESTAWI
ET AL. 1992)(RoBERTSSON ET AL. 2006). Furthermore, advances in robotic machining made
it possible to apply robots in different domains, for instance robot-assisted bone milling
during surgery (MEISTER ET AL. 1998) or for sculpting for in artistic front (OWEN ET AL.
2008).

2.4 Cooperative manipulators: scientific research

Researchers took huge interest in cooperation to achieve the dexterity and load sharing
capability of human arms. The introduction of industrial robots on a wide scale made it
more attractive for researchers to implement their theories and hence encouraged more
work in this field. Issues pertaining to cooperative manipulation inherently overlap
with interaction control, nevertheless it is beneficial to consider them in a light of their
own. According to Zivanovic & VUkoBRATOVIC (2006, P. 19-26) the issues concerning
cooperative manipulators are classified into: kinematic uncertainty, force uncertainty and
control problems. Although the latter issues appear non-related they are in reality mutually
exclusive. The possibility of encountering one or more thereof depends to a great extent
on several factors: structure and DOF of manipulators, force measurement techniques
and precision, control bandwidth and available hardware/software interfaces etc. In the
first two issues, uncertainty arises due to redundant manipulators and assumptions of rigid
contact points respectively rendering the models indeterministic (YUN ET AL. 1989)(Kumar
& GARDNER 1990). Accordingly, the problem is more of a mathematical nature, and hence
introducing certain constraints facilitates in attaining a unique solution. Additionally,
the extent of the solution depends on the kinematic and dynamic models available and
whether the forces could be measured at the contact points or not. Thus the problem of
control remains the focus of most researchers in this field justifying the huge body of work.
KosuGe & Hirata (2005, P. 20.5) formulated the problems of cooperative manipulator
control into several questions

e How to control the spatial pose (position/orientation) and its time derivatives (veloc-
ity/acceleration) of the manipulated object? (TzAFESTAS ET AL. 1998)(Sun & MiLLs
2002b)

e How to control the behavior of the manipulated object relative to an external force
acting on that object? (KHATIB ET AL. 1996b)(KosUGE ET AL. 1997)

e How to control the internal forces arising at the contact points between the object
and the manipulators? (ApLi ET AL. 1991)(Osumr & Arar 1994)

24



2.4 Cooperative manipulators: scientific research

e How to share the load of the object among the manipulators in an equal or a
predefined manner? (Kim & ZHENG 1991)(ZHANG ET AL. 2004)(AL-JARRAH & ZHENG
1997)

In the next subsections the answers to the latter questions will be implicitly discussed
within the scope of the most common methods of controlling cooperative manipulators
investigated in the research community during the last decades.

2.4.1 Master/slave control

One of the earliest approaches to coordination and control of cooperative manipulators
is the master/slave which was sometimes referred to as the leader/follower technique.
Whereby one robot acts as the master and the other follows it and acts as the slave.
However, this technique suffers from the fact that the slave robot considerably lags the
master robot (UcHryama & Nakamura 1988). The first implementations utilized an FTS at
the TCP of the slave robot to measure the forces (Isama 1977). While the master moved
along a trajectory the slave was controlled by the forces on its TCP. This was extended
upon to solve the problem of load distribution between cooperating manipulators in (Kmv
& ZuHenG 1991). Whereby the slave robot is triggered to start carrying its share of the
load after the master robot reaches its limit. Other researchers implemented the idea w.r.t.
coordinated motion according to the constraints between the robots and the manipulated
object (Lun & ZHENG 1987). ALrorD & BELYEU (1984) investigated the real-time aspect of
master/slave coordination by designing and testing a hierarchical computer structure to
plan, generate and control the coordinated movement of two robots. This however was
specifically designed for industrial robots which are mainly position controlled. Some
researchers tried to reduce the lag between the slave and master robot. This was achieved
by defining the kinematic coordination problem in terms of kinematic redundancy and
flexible grasping which consequently increased the maneuvering capabilities of the slave
robot (Sun & SHIN 1988).

2.4.2 Hybrid position/force control

Although rarely under research nowadays, the hybrid position/force represented one of the
early successes of cooperative manipulation. The scheme was based on the work done by
RaBERT & CRAIG (1981) (refer to section 2.3.2.2). One of the first implementations for
cooperative control was done in (Havarr 1986). The controller also included features facili-
tating tension/compression in the position subspace while minimizing the tracking error
w.r.t. the desired forces in the force subspace. Havari (1988) also utilized the operational
space formulation (Kuars 1987) to design a decoupled hybrid position/force controller,
which was validated with simulation. Further works by Uchiyama et al. investigated the
decoupled spaces in a central controller, wherefore making the information from each
manipulator available for all other manipulators (UcHryama & Dauchgz 1988). This was
successfully implemented on an experimental test-rig with two 4-DOF cartesian robots
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(UcHryaAMA & NakaMUra 1988). Yosuikawa (1991) extended this work to include not only
the dynamics of the manipulators but also of the object. He used a method, developed in
earlier work, to derive the dynamic equations of cooperative manipulators environment
constraints and decouple them w.r.t. the object motion, constraint forces and internal
forces (YosHikawa ET AL. 1988). This method was validated with two 2-DOF cartesian
manipulators. Korvo & UNsereN (1991) attempted to reduce the order of the derived
models in order to simplify the solution of both forward and inverse dynamics. Conse-
quently simplifying the decoupling of the position and force subspaces for the hybrid
position/force control scheme. Additionally, comparisons to the master/slave method
proved the superior performance of the hybrid position/force (DUELEN ET AL. 1991). This
was mainly attributed to the fact that pulling and pushing forces could be successfully
controlled without disturbances from the object movement (UcnHiyama & Nakamura 1988).
Recently the approach was revived by combining it with a robust controller and designing
a computationally inexpensive algorithm for practical implementation (GUEAIEB ET AL.
2007a). Generally speaking, the hybrid position/force control scheme suffers a great
disadvantage. It requires monitoring of the task at hand and continuous switching between
different position and force modes. Additionally, the set of environment constraints is
usually difficult to determine given the irregularities in the real world, making it less
attractive for practical implementations (SCHNEIDER & CANNON 1992).

2.4.3 Adaptive control

According to SASTRY & Bobson (1994, P. 2), adaptive control is a technique used to identify
system parameters, and accordingly, use this knowledge to design and influence the plant
controller in order to compensate for uncertainty during design. The challenge here lies in
the ability to prove the asymptotic convergence in tracking the control variables, which
in this case range from the desired position/velocity to the internal forces at the contact
points. One of the common approaches to the problem was assuming that a perfect model
of the manipulator kinematics and dynamics existed (WALKER ET AL. 1989)(ZriB1 & AHMAD
1992). Other researchers proposed a more realistic approach and investigated adaptive
coordination schemes in which the parameters of the dynamic model is estimated, and
the adaptive control compensates for the discrepancies. The advantage here lies in the
fact that explicit force control is not required given the implementation of the control
on the joint level (Kawasakr ET AL. 2006)(Sun & MiLLs 2002b). Not only was adaptive
control separately investigated, but researchers combined other control techniques e.g.
hybrid position/force and impedance, to achieve superior performance. Serau (1988) filed
a patent outlining the design of adaptive control strategies for dual arm manipulators in
the cartesian space i.e. without requiring complex dynamical models of the manipulators.
While the basic control law was based on the hybrid position/force algorithm, the adapting
parameters compensated for the cross-coupling effects between the manipulators. Adaptive
impedance was investigated by HuanG ET AL. (2004), where the controller continuously
tuned the desired impedance and consequently the tracking error. Adaptive control was
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also used for dual-arm assembly (Znu 2005). Where for example a relative jacobian which
represents the inverse kinematics of both manipulators was used to execute a peg in a hole
task (CHor ET AL. 1999).

2.4.4 Impedance control

As already discussed in section 2.3.4 impedance control aims at controlling the behavior
or the interaction relationship between the manipulator and the environment at the contact
point (Hogan 1985). After thoroughly examining hybrid position/force for cooperative
manipulation during the 80’s and early 90’s, researchers started taking note of impedance
and its potential. ScHNEIDER & CaNNoN (1992) analyzed the cooperative manipulation
problem from a system’s perspective. Consequently a control policy that enforced ob-
ject impedance was developed. Experiments with two 2-DOF robots exhibited how the
controller fully compensated for the system dynamics and allowed for a powerful specifi-
cation of object behavior. The work was extended upon by Prerrer & CannNoN (1993) to
include flexible drivetrains where a hierarchical control scheme (joint, arm, object, task)
was developed which enforced object impedance on the object level built upon the arm
level. Similarly, SurpiLovic ET AL. (2001) proposed an impedance control framework for
assembly tasks defined at higher control levels. This was augmented with an approach
for designing robust impedance controllers ensuring both coupled and transition contact
stability. KosuGke ET AL. (1994) proposed a unified coordinated motion control algorithm
based on arm impedance, which was defined relative to the manipulated object and was
designed for both manipulation of a common object and part mating. Consequently, it
was deployed in a decentralized scheme on two 6-DOF industrial manipulators (Kosuce
ET AL. 1997). The algorithm outlined was able to specify the apparent impedance in a
decoupled fashion after satisfying certain geometrical constraints. This actually amounted
to a centralized scheme, since the constraints represent the object’s equations of motion.
Recently CaccavaLk ET AL. (2008) proposed a two level impedance scheme to overcome
both internal forces acting on the robots’ TCP and the external forces acting on the ma-
nipulated objects. They also proved the controller’s performance on an industrial test-rig.
Furthermore, non-model based impedance with reduced computational overhead for lim-
ited hardware resources was investigated (Moosavian & Asutiant 2008). Researchers also
combined different approaches together. For instance an adaptive impedance controller to
compensate for uncertainty in object dynamics was investigated by NaGcHAUDHURI & GARG
(2001). BEkALAREK ET AL. (2001) proposed a decentralized hybrid position/impedance
control and tested it on industrial robots. Where the robots were motion controlled until
excessive forces above a given threshold triggered the impedance controller.

2.4.5 Intelligent control

The term intelligent control encompasses a wide variety of techniques and mathematical
tools aiming at imparting intelligent behavior to a controller. It is commonly used to
denote methods such as artificial neural networks, fuzzy logic and genetic algorithms
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(RusseLL & Norvic 2009, P. 727,550,126). These techniques are either used alone or
combined with other basic interaction controllers e.g. impedance or hybrid position/force.
Early works regarding the utilization of intelligent controllers for cooperative manipulation
included using a learning algorithm to control the cartesian movement of cooperating
robots handling an unknown object (Kuc et AL. 1995). The algorithm compensates for
uncertainty in robot parameters, viscous friction and manipulated object parameters. In
(Liv & Huang 1997) an fuzzy logic based controller was applied to a master/slave control
scheme. Whereby the master is position controlled while the slave has a FTS and moves
to keep the forces constant in a decentralized fashion. Kumar & Gara (2005) used a
combination of a neuro-fuzzy controller on an experimental test-rig. The parameters of
fuzzy logic engine were tuned with the help of an artificial neural network. In (GUEAIEB
ET AL. 2007b) a similar setup was designed, whereby a fuzzy logic engine was combined
with a systematic on-line adaptation mechanism to achieve control objectives without an
accurate dynamic model of the system.

2.4.6 Telepresence

In telepresence/teleoperation a human user -termed the operator- interacts with a remote
environment through a manipulator -termed the teleoperator. The human not only remotely
controls this manipulator, but also receives feedback signal e.g. visual and haptic to in-
crease the feeling of actually being immersed in a remote environment (HokAYEM & SPONG
2006). Issues in multi-user or cooperative telepresence consists of problems pertaining
to telepresence such as communication time delay, passivity and stability (ArRcArRA &
MeLcHiorrI 2002)(TannNeEr 2005) compounded with problems encountered in classical
cooperative manipulation. These sets of problems are not mutually exclusive, therefore
the analysis, design and implementation of controllers for such systems entail more com-
plexity compared to their respective parts. S1RouspoUR (2005b) tackled the latter issues by
increasing the modeling level through incorporating the dynamics of all static and moving
constituents in a scenario. Based on this model, a control framework to ensure information
flow between all operators and teleoperators was introduced (Sirouspour 2005a). The
framework guaranteed a robust and stable interaction and enhanced task coordination
by optimizing performance objectives. Furthermore, an adaptive controller based on the
later framework was designed proving its robustness and stability with respect to time
delay (Sirouspour & SetoopeH 2005a)(SirousPour & SeToopeH 2005b). An additional
LQG (Linear-quadratic-Gaussian) controller for stable and robust operation under con-
stant time delay was implemented and tested under different environmental modes (soft
vs. hard) (SEToopeH ET AL. 2006). Another control framework was developed by LEe
& SponG (2005)(LEE et AL. 2005) using passive decomposition while ensuring energetic
passivity. To overcome instability due to time delay, scattering based communication
was utilized. The principle idea was to allow one OP to control several teleoperators and
execute fixtureless manipulation of an object (i.e. without grasping) while controlling and
ensuring the passivity of the communication channel and the mutual interactions between
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the operators, the teleoperators and the environment. However, most of the latter research
was only validated under controlled conditions with 1-DOF experimental manipulators.

2.4.7 Miscellaneous control approaches

Owing to the complexity of the controlling cooperative manipulators, variable approaches
attempting to tackle the issue appeared in literature. A classical approach to the problem in
the early research phase was to model the system and try to linearize it and consequently
design an adequate controller for it (YUN ET AL. 1989)(TARN ET AL. 1986). Investigations
utilizing this method ranged from decoupling the equations of motion for easier control
(Yun 1991) to examining the effect of flexible joints (JANKOwsKI ET AL. 1993). A similar
method embodying the concept of the RCC (refer to section 2.3.3) was investigated. The
method advocated introducing controllable flexibility at the interaction points between
the object and the manipulators (Osumi & Arar 1994)(Osumr ET AL. 1995)(Sun & MiLLs
2002a). While others combined traditional methods with robust control techniques to
enforce bounds on the position and force tracking error in the face of uncertain model
parameters (Gao ET AL. 1992)(KmM ET AL. 1997). One of the more exotic methods was
the utilization of a fractional-order position and force controller (FonseEca FERREIRA &
TeNrReRO MacHADO 2007). Supported by simulations, the authors claimed the superiority
of its performance compared to traditional methods.

2.5 Cooperative manipulators: commercial systems

Starting in 2004 several robot manufacturers introduced commercial multi-robot systems
(REINHART & ZAIDAN 2009). Their introduction could be divided into two mutually inter-
secting phases. The first phase was the introduction of control units capable of addressing
more than one drivable mechanism at a time. Thus fulfilling the market’s need for an inte-
grated operation involving external drives and coordination between those drives and the
robot controller. This clearly led to the second phase where several robots were envisioned
to work together. This, however entailed not only a controller to drive the motors but
also to guarantee cooperative functionalities for instance cooperative workspace definition
and collision detection and avoidance. An overview of the state-of-the-art in commercial
CIR will begin with an extensive review of related patents and subsequently some of the
common features in commercial CIR is presented. This serves to better understand the
development of the mentioned commercial systems.

2.5.1 Patent Review

On control systems

Two of the earliest patents in this field were filed by Japanese corporations in the early 90’s.
OteRrA ET AL. (1993) were one of the first to propose a central control system with a single
program to interpret the motion instructions and transfer them to its respective robots. The
program thereby guaranteed a sequential coordination of not only the motion instructions
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Figure 2.7: A cooperating robot test-rig from KUKA GmbH

but also central error detection and general program modification for process adaptation.
On the other hand Kanirant (1993) proposed a similar architecture but emphasized the
overall system operation by introducing the robot-based master notion which discussed
how the motion and velocity could be synchronized in a shared program. The more recent
wave of inventions started in the early 2000’s. FANUC filed a patent in 2001 (TAKAHASHI
& Kosaka 2001) proposing a control system and its accompanying operation scheme
where a plurality of robots working in a cooperative mode store 3 different operation
programs. The first one makes the robot a master, the second would make it a slave
and the third would operate the robot independent of the other robots. According to the
patent, the arrangement guaranteed operation of all the robots in either a cooperative
mode (irregardless of being a master or slave) or an independent mode at all times. To
extend the applicability of the latter patent for an unlimited number of robots, KUKA
filed a patent in 2004 (SToppARD ET AL. 2004) proposing outfitting the robots’ controllers
with multiple motion instruction sources. Consequently, the robots were operated either
in a synchronous mode (when they receive their instructions from an external source
through a network) or operated in an independent fashion (when they use their internal
motion instruction source). KUKA also proposed a detailed description of the workings
of such a coordination system in a subsequent patent (WiLLiam KNerreL II & STODDARD
2004). This was achieved by devising a mutual exclusion mechanism to prevent several
instruction sources from simultaneous access to the same robot. Lapaam (2005) proposed
a control system based on a general purpose computer which interfaces with the real-time
subsystems of a mechanism or robot. An execution module on this computer generates
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the move command and synchronizes it with the interpreters or move modules on the
real-time subsystems. ABB filed a patent in 2009 (ForTELL ET AL. 2009) proposing a two
level path planner scheme for cooperating robots. While each robot possesses its own path
planner, a global path planner generates the robots’ respective paths during a cooperative
task. During any one time either the separate path planner or the coordination path planner
is activated using a switching technique with a mutual exclusion mechanism similar to
that proposed from WiLLiam KnerreL II & Stopparp (2004). Hence, during a cooperative
task one or more robots could break free of the pack and execute an independent task and
after its completion return to where it/they left off in the cooperative task. While the latter
patent avoided specific hardware configurations, ABB’s subsequent patent exclusively
addressed that issue. Not limiting itself to robots but extending to arbitrary mechanical
units, ABB’s patent (KerTu ET AL. 2009) describes how a single server controller side
consisting of independent control units communicates over a network with the mechanical
units facilitating synchronized movement. Control programs are stored on a memory on
the server and subsequently interpreted for execution instructions. Additionally, the server
is connected to a shared HMI and employs software to distribute available real and virtual
resources to the connected control units.

On coordination and time synchronization

To avoid operation disturbances due to variable time latency through the communication
channel, FANUC proposed a coordination method based on the communication time delay
(Hasamoro & Onya 2008). Synchronizing the robot controllers with the master robot
controller depends on the time interval between the generation of a basic operation signal
and its echo from the respective slave controllers. This time interval is used to synchronize
the basic operation signal of the respective slave controllers with the corresponding basic
operation signal from the master controller. ABB touched upon the issue of coordination
by overcoming latency incurred for synchronizing a master/slave arrangement since in
a cooperative state the cooperative path planner is switched on, performing a parallel
interpolation of the robots’ movements (ForTeLL ET AL. 2009). Hence motion instructions
are directly sent to each robot avoiding the time delay caused by communication of non-
interpreted motion instructions. Although barely discussed, KUKA tackled the problem
of synchronization from the program execution point of view (GRAF ET AL. 2006b). It
proposed special data structures containing control data which are exchanged between
control units. By adding certain trigger points in the program, those data structures are
accessed during cooperation which facilitate the synchronization of movement between
the robots according to prescribed data stored in them.

On Calibration

Despite its importance, calibration was a topic largely absent from the manufacturers
focus especially w.r.t. cooperating manipulators. However, KUKA proposed an extended
calibration to overcome the deficiency of depending on an academic approach in calibrating
multiple robots w.r.t. each other (GRAF ET AL. 2006a). Taking into consideration the fact
that deflections in the real-world occur during the movement of the robots, the method
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calls for calibrating each robot w.r.t. all other robots using an independent coordinate
transformation which is saved in each robot’s respective memory storage. Basically, the
method calls for moving from a master-slave based calibration scheme to a distributed
one.
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Figure 2.8: Timeline of CIR architectures according to patents filed by commercial
manufacturers

2.5.2 System Features

A noteworthy observation, is that the patents reflect not a method to solve a generic
problem, but a method to solve a problem specific to the architecture and abstraction level
of the respective robot manufacturer. Moreover, some ideas are directly derived from issues
arising during the execution of specific tasks. Closer investigation of the patents reveal
stark similarities but nevertheless subtle differences in implementation. These differences
allude to the variable terminology and notations underlying a specific system. Furthermore,
the ideas discussed mostly pertain to different architecture schemes for operations thereby
neglecting the extent of how the architecture influences the programming capabilities of
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those systems. All in all, most commercial CIR systems employ the master/slave principle
albeit in varying forms. Three basic CIR architectures could be deduced from the patents
(as illustrated in Figure 2.8).

e Master robot: The master is one of the robots but could exchange his master role
any time with one of the other slaves.

e Master controller: A dedicated master controller controls the robots through their
robot controllers.

e Master robot controller: A dedicated master robot controller directly controls
the robots. In this sense, the mechanical manipulators don’t need dedicated robot
controllers.

Based on the patent investigation in the latter section and the available information on
commercial CIR systems (as shown in Table 2.1), the predominantly common features in
most systems can be summarized as follows:

Off-line programming

Due to the complexity of a cooperative operation -whether it is loose cooperation or
tight cooperation- off-line programming with a simulation environment remains the
method of choice for engineers. Software features such as emphasizing collision ar-
eas greatly simplify the planning of such operations (ABB-Group 2011)(KUKA GmsH
2011¢)(YASKAWA Motoman Rogorics 2011)(FANUC Rosotics AMERICA CORPORATION
2011). Subsequently after the task has been defined and measures have been taken to
ensure collision-free and synchronized operation, code is automatically generated for
each respective robot. However, as already discussed in section 2.2.2, the discrepancies
between the virtual world and the real world render the generated code useless without
post-adaptation which is performed in an on-line manner directly on the factory floor. This
becomes more complicated when increasing the number of robots involved in a given
operation.

Data Coupling

The nature of the information exchanged between the robots and their respective controllers
defines the data coupling type. The most common is a geometrical coupling (FORTELL
ET AL. 2009) where all robots and their controllers receive instantaneous information about
the positions and velocities of the other robots in the wok-cell. In that event, deflections
occurring due to heavy loads on the TCP could be conveyed to the others in order to
adjust their trajectories accordingly (SToppARD ET AL. 2004). Another type of coupling is
the dynamic coupling. In this type the position data -including velocities- is extended to
include forces and torques on the TCP of each respective robot. Hence deflections and
irregularities can be conveyed to the other robots and eventually avoided in a controlled
manner. Unfortunately this type of coupling is rarely found in commercial CIR and is
usually implemented for research purposes.
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CIR system Control panel Software Robot/Motor limit
KUKA RoboTeam Shared Pendant KUKA-ArcTech 15 (R+M)
ABB MultiMove FlexPendant RobotStudio 4/36 (R/M)
Motoman Multi-Robot Teachbox MotoSimEG 4/36 (R/M)
FANUC i Series iPendant ROBOGUIDE 16 (R+M)

Table 2.1: A review of the commercial CIR systems available on the market

Synchronization Mechanisms

To ensure the timely exchange of information between the robots, a synchronization
mechanism has to be implemented. Synchronization on the implementation level mainly
requires quantifying time delay (ForTeLL ET AL. 2009), generating operation master signals
(Hasumvoto & Onya 2008) and designing data structures for triggering signals (GRAF ET AL.
2006b). For instance, KUKA applied the IEEE 1588 standard (Emson 2006) to synchronize
multiple robot controllers (GERSTENBERGER ET AL. 2005). However the implementation side
of the synchronization is only valid in light of the signal model behind it. The most widely
used is the master/slave model, where a master robot controller or a master controller
generates a signal to synchronize all other controllers. It essentially offers a hierarchal
control scheme, where the slaves’ movements are coupled to the master. This corresponds
to the second and third architecture type in Figure 2.8.

2.6 Discussion

2.6.1 The position/force dilemma

Unique among measured signals in a robotic system, forces and positions are mutually
exclusive. Regardless whether they are defined at the robot’s end-effector or at the joints.
Other correction signals, for instance video camera or laser sensors, are eventually trans-
lated to a position offset that exhibits no implicit effect on the source signal, making the
relationship of a unilateral nature. In case of force signals, the derived position signal loops
back to influence that force. This is only logical in light of Newton’s second law of motion
(NewToN 1846, P. 83) which dictates this relationship. Consequently, under constrained
conditions where interaction between manipulators and the environment occurs, it is im-
possible to define the shape of one signal without implying the shape of the other. This is
analogous to the voltage/current interdependency in electrical engineering (NAGCHAUDHURIT
& GaraG 2001). Hence, the overall objective here is to achieve a predefined tracking
performance simultaneously for both positions and forces of the object being manipulated.
This latter force/position dependency defines the context in which most research in robotic
interaction takes place. Researchers have argued that issues in cooperative manipulation
are limited to control issues, if the forces at the interaction surfaces can be determined
(refer to section 2.4).
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Despite that, commercial robot manufacturers introduced geometrically coupled systems
capable of executing synchronized movements in real-time through exchanging positional
data (position, velocity and acceleration) as detailed in section 2.5. This however addresses
only the first part of the aforementioned dilemma, namely the position. In an ideal situation
and after exact calibration, motion generated from an off-line simulation would be identical
to that performed by the manipulators. This is unfortunately not the case. Far from perfect,
actual environmental conditions deviate from those in the virtual environment, which is
eventually translated into positional discrepancies between them (refer to section 2.2.2).
Additionally, dynamic effects due to gravitational or inertial forces which ultimately
cause deviations from the generated trajectories are rarely taken into consideration during
programming. Since industrial robots were mainly utilized for purely positioning tasks,
the mechanical structure was kept as stiff as possible to (re)produce maximum positioning
accuracy (BiBao ET AL. 2005, P. 7) thus implicitly reducing their adequacy for constrained
tasks. Given the highly stiff nature of environment, those deviations are readily translated
into large forces on both robots and environment. Both types of interaction; (a) object-
manipulators and (b) object-environment, occurring simultaneously in a tightly coupled
cooperative operation develop into a complex set of problems which ultimately results in
a case where disregarding the forces is practically impossible.

2.6.2 Robot architectures

Robot architectures arise from the interplay between hardware, software and communi-
cation components in a robotic work-cell. The specific order in which the components
are arranged relative to each other and the information exchange between them dictate
the functionality of the system. Hence, architectures define the boundaries and possibil-
ities expected from a robotic system based on the underlying design of the respective
components and their relation to each other w.r.t. signal flow. Although a body of work
exists on robot architectures, no unifying or coherent definition of a robot architecture is
available (MacDonNALD ET AL. 2003). Since their conception and worldwide proliferation in
production facilities, industrial robots have retained a relatively rigid architecture. This
can be mainly attributed to the repetitive and constant nature of the task types assigned
to industrial robots i.e. handling and welding (INTERNATIONAL FEDERATION OF RoBoTiCs -
IFR StaristicaL DepaRTMENT 2007, P. 17). The two main aspects that characterize classical
architectures are a weak information flow and lack of sensor-based programming and
operation. Both aspects significantly affect the programming and operational capability of
any robotic work-cell.

Information flow or exchange in a robot architecture could be labeled weak if information
flows predominantly in one direction i.e. unidirectional. In a classical architecture, the
simulation environment allows the user to define the task in an off-line manner and
automatically generate code for the robot controller. Given that on-line adaptation is
inevitable due to the differences between the virtual world and the real world, the robot
behavior has to be correspondingly modified. During operation the user interface allows
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the user to send supervisory signals or operations setting to the work-cell. It also displays
the actual status of the robot during operation. However, data pertaining to the behavior
of the robot generated from on-line adaptation is scarcely fed back to the simulation
environment. Consequently, this prevents the simulation environment from updating
the virtual world with information gathered in the real world. Therefore, in spite of the
research efforts aimed in this direction (as mentioned in section 2.2.2), off-line and on-line
programming methods rarely overlap.

user- user-
interface interface
binary binary
status information information status

commercial commercial dedicated

robot robot (robot)
controller controller controller
MASTER/SLAVE MASTER/SLAVE MASTER

T synchronization ? T

simulation environment

Figure 2.9: A typical CIR architecture

The second aspect is sensor-based programming and operation in industrial robots. De-
spite the fact that sensor-based robotics has been a staple of robotics research in the last
20 years (CHRISTENSEN ET AL. 2009, P. 4), it has yet to gain wide-spread acceptance in
production facilities. Reasons ranging from doubtful sensor readings and the robustness of
control algorithms to the lack of RT interfaces on commercial robots are among the most
commonly encountered (CHRISTENSEN ET AL. 2009, P. 14)(GEoraIA INSTITUTE OF TECHNOLOGY
ET AL. 2009, P. 17). Not only are they lacking, but their implementation is also troublesome
considering the closed nature of much of today’s industrial manipulators. They lack
standardized real-time interfaces and open access to internal data in the controllers. In a
technical sense the latter reasons are enough to hinder sensor-based architectures from
becoming more popular. However a holistic view of the issue discloses an overarching
reason, namely that tight integration of sensors in robot architectures in practice is vir-
tually nonexistent. For instance the utilization of sensors in different capacities during
programming and during operation is rarely investigated. Furthermore, simulating the
sensors off-line is still limited to research platforms such as the Player/Stage/Gazebo
framework (GERKEY ET AL. 2003) (CoLLETT ET AL. 2005) or Microsoft Robotics Developer
Studio (Microsort 2011). The latter discussion also applies for CIR which aren’t much
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radically different than industrial robots (see Figure 2.9). As already summarized in Figure
2.8 such architectures additionally possess a communication channel through which all the
robot controllers can synchronize their movement according to the master/slave principle
referred to in section 2.5.2. Where a dedicated controller/robot controller or simply one
robot controller generates a clock-cycle to be followed by all the others.

2.6.3 Programming paradigms

Although robot programming has been in the forefront of research and development
for robot manufacturers, it has yet to experience radical changes regarding the applied
programming paradigms. This could be readily traced back to the relation between pro-
gramming, architectures and additionally the human machine interface (HMI). In order to
understand the extent of this work the intrinsic and sometimes ambiguous relation between
robot programming and architectures will be elaborated upon. As already discussed in the
latter section the types of components in a robotic work-cell and how they are arranged
and interconnected directly influences not only the operation capability but also the pro-
gramming capability. MacDonaLp ET AL. (2003) emphasized this acute connection by
considering the robot infrastructure and its interconnections as a major component of a
robot programming system. They stated that one of the conceptual components necessary
for a programming system is:

"the underlying infrastructure including designs for architectures that support
and execute robot behavior descriptions, especially in distributed environ-
ments"

The rigidity of robot architectures and their significant influence on programming systems
led to the emergence of two distinct phases that occur during robot operation:

1. First phase: Robot programming is regarded as the process during which a human
operator/programmer define instructions for the robot in order to execute a certain
task.

2. Second phase: Robot execution is regarded as the process during which those
instructions are executed at runtime without human intervention.

The classical programming paradigm handles the two phases distinctively in a manner so
that the phases do not overlap with each other, i.e. the robot program (instruction list) is
invariable throughout the runtime until further human intervention. Any disturbance arising
during task execution can not be accounted for. Similar to a new task, any disturbance has
to be defined and incorporated in the final instruction list. This classical definition assumes
that the robot cell is incapable of gathering information about its surrounding environment
and thus incapable of taking decisions regarding any dynamic change in runtime. This is,
in turn, bound to the capability of the work-cell to integrate and utilize sensory feedback
to enhance and adapt its behavior which is directly linked to the work-cell’s architecture.
Moreover, other than a few efforts from manufacturers such as integrating a space mouse or
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a joystick, no simple HMI have found their way in commercial CIR systems. Furthermore,
graphical user interfaces utilized for programming both single industrial robots and CIR
systems are usually cluttered with functionalities that render them complicated and hence
require extra training.
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A straight path never leads anywhere except to the
objective

ANDRE GIDE

3.1 Motivation

Despite the fact that most commercial robot manufacturers offer cooperating robotic
systems in some form, either as an add-on technology or through a dedicated central
controller (ref to section 2.5), their wide spread acceptance in production facilities have yet
to materialize. This is attributed to a multitude of problems concerning their programming
and operation. The discussion in the previous chapter highlights the shortcomings of both
existing research and industrial practices in the field of CIR. Accordingly, these issues can
be summarized as follows:

e The conventional method of programming tightly coupled CIR by off-line program-
ming with on-line adaptation represents a technically complex process and hence
incurs high costs. Furthermore, the complexity increases disproportionately with
the number of robots involved in the planned operation (REINHART & ZAIDAN 2009).

e Synchronization schemes in CIR are limited to kinematic signals (position and its
derivatives) (GERSTENBERGER ET AL. 2005). Hence no provision for dynamic signals
(force and torques) and consequently no force control is possible.

e Although stresses build up in the work-piece during operation due to inaccurate
positioning and/or deflection through loading, force measurement and subsequent
control in CIR in an industrial context is rarely investigated (SPILLER & VERL
2010)(REINHART ET AL. 2010b).

e Even if the dynamic loading on the work-piece is determined, integrating this
information in the architecture comes as an afterthought. With the exception of
a few research works (ScHNEIDER & CaNNoN 1993)(SurpiLovic ET AL. 2001), tight
integration of dynamic loading in programming and throughout task execution is
virtually non-existent in industrial systems.

e Research activities were fixated on proving the validity of control schemes for
cooperating manipulators but hardly investigated the integration of force control in
programming and subsequent operation.
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e Providing simple programming techniques through integration of intuitive HMI is
seldom discussed in the context of CIR.

e Most experimental test-rigs use research components instead of commercial off-the-
shelf components and hence make it more difficult to replicate the performance on
an industrial test-rig.

3.2 Objective

Most CIR programming approaches focus on the robotic manipulators, irregardless of the
type of cooperative task (tightly or loosely coupled). Given that for tightly coupled CIR
only one work-piece is manipulated, it would be beneficial to focus on the work-piece
instead of the manipulators themselves. Hereby the objective of this research can be
derived as follows:

Simplifying the process of programming tightly coupled cooperating in-
dustrial robots by investigating an approach for programming based on
defining the required task of the work-piece and not of the robots. The
approach requires imparting full control of the work-piece to the user.

The idea builds upon and extends the work done by several other researchers albeit with
focus on the programming aspect and not the control aspect solely. Particular inspirations
for this research work are the operational space concept developed by Knaris (1987), the
object impedance for cooperative manipulation developed by ScHNEIDER & CannoN (1992)
and the cooperative bilateral teleoperation scheme investigated by LEe & Spong (2005). As
commonly known for robotic manipulators, defining equations of motions is done either in
the generalized coordinates also known as the joint space or in the operational space also
termed the task space (Kuaris 1987). In the latter formulation, the manipulator’s motion is
allowed to be defined according to the task at hand and not the manipulator’s structural
characteristics as in the former case. Although the operational space formulation contains
an implicit definition of the manipulator’s dynamics, it specifically moves the focus of the
corresponding control analysis to the forces acting on the end-effector of the manipulator
as seen in Figure 3.1. Similarly, the work-piece based programming approach (WPBA)
moves the focus of programming from the robots to the work-piece. Thereby building
on and extending control concepts pertaining to cooperating manipulators to cover the
programming aspect.

On the rationale for a work-piece based approach

The WPBA encompasses a methodology to define and satisfy practical task objectives
formulated in the work-piece space. This is done by imparting to the user full control over
the work-piece in spatial coordinates irregardless of the manipulator’s configuration. By
extension, since the object lies in the operational space of the task i.e. the work-piece
space, and the cooperative task mainly entails manipulation of the object, the work-piece
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end-effector motion < work-piece motion

Robot joint space Robot operational space Work-piece space

Joint torques

Figure 3.1: Overview of control spaces

based approach becomes particularly appealing for application on industrial robots due to
the following reasons:

Modeling-wise
If the object being manipulated possesses no DOF i.e. no actuated or under-
actuated joints, it is considerably less complicated to model its dynamics than
modeling the manipulator’s dynamics. An extremely important consequence
thereof is virtually decoupling the dynamic models of the robots from those of
the whole system.

Control-wise
Regarding industrial manipulators, it is easier to define force control strategies
w.r.t. forces on the TCP in a cascade arrangement on top of the existing position
control loops. Despite decreasing the bandwidth for the possible force control
attainable, it guarantees a robust inner control loop to build on.

Mobility-wise
By moving the control from joint space to operational space, the absolute trans-
lational movements of the manipulators’ end-effectors could be commutatively
divided between relative movements of the end-effectors w.r.t. the manipulators’
base and the absolute velocity of the base. Due to the restricted nature of the
cooperative workspace, this could be beneficial in increasing its overall volume.

Intuitive point of view
Common automation tasks being executed in a normal or cooperative manner are
more intuitively expressed in terms of the task not in terms of the task enablers.
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4 Prerequisites and Conceptual Framework

Out of intense complexities intense simplicities
emerge

WiNsTON CHURCHILL

4.1 Overview

The work-piece based approach calls for imparting full control of the work-piece to the
programmer during a cooperative task. As described in the latter chapter, full control
includes posture of the work-piece and force loading on it in each phase of the given
task. In order to achieve this, tightly coupled cooperative tasks have to be synthesized
and understood. Combining this knowledge with the requirements imposed by the pro-
posed approach on the system architecture, a conceptual framework for implementing
the work-piece based programming approach is presented. This framework represents a
conceptual blueprint for implementing the proposed approach according to generic design
principles.

4.2 Task prerequisites

A comprehensive synthesis of cooperative tasks is introduced in this section. The aim is
to gain a deeper insight into the separate phases and consequently derive the motion and
loading i.e. position and force requirements for each phase. According to SURDILOVIC ET AL.
(2001)(Z1vanovic & Vukosrarovi¢ 2006, P. 2-3) nine phases could be identified during
a cooperative task. By omitting the ’planning of the approach’ phase and combining
the ’grasping’ and ’gripping’ phases together, seven phases are left. To cover the phases
in a more task-oriented form, an extra phase 'machining’ will be added to them, while
extending the "lowering’ phase to include *assembling’. Thereby, a total of eight phases
will be presented here as shown in Figure 4.1. The synthesis however excludes the case of
manipulators cooperatively assembling a work-piece, where each manipulator is holding
one part of the final work-piece commonly known as dual-arm cooperative assembly (CHor
ET AL. 1999).

Phase 1: Approaching
The manipulators approach their respective grasping locations on the work-piece.
This phase is characterized by a pure positional movement of the manipulator
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Phase 2:

Phase 3:

Phase 4:
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without interaction with the work-piece hence the need for force control is not
necessary. Due to the shared workspace of the manipulators, mechanisms for
collision detection and avoidance must be taken into account. After reaching
the grasping location, the manipulators’ velocity should be successively reduced.
In this regard, grasping zones could be defined, that place constraints on the
manipulator’s movement once it enters.

Engaging/Grasping

After entering the grasping zone in the latter phase the manipulators start moving
to their predefined grasping positions where they come for the first time in
contact with the work-piece. During this phase, two aspects have to be taken into
consideration. The first is that only one manipulator at a time should attempt
interacting with the work-piece otherwise unexpected movement of the work-
piece can happen. The second aspect concerns the force/position constraints
during grasping. If the manipulators possess a relatively good positional accuracy
and the work-piece is exactly positioned at the predefined position, no forces are
bound to arise. Otherwise forces will immediately appear right after grasping,
which represents the usual case given positional discrepancies on the factory
floor. Additionally, force control here should be activated only after the grasping
phase is terminated and deactivated once another manipulator starts its respective
grasping phase. In order to consider all the latter aspects a grasping strategy
should be implemented. This has to include the order in which the manipulators
start and stop their grasping phase which implicitly includes the force and
position constraints on each manipulator.

Lifting

The main aim of this phase is to allow the manipulators to detect and distribute
the load among themselves. It begins when all manipulators are tightly grasping
the work-piece i.e. no slip or friction is assumed. For synthesis purposes, friction
between the gripper and the work-piece is always assumed non-existent. The
center of gravity of the work-piece could be deduced from the force/torque
distribution and the absolute positions of the manipulators. Before this phase
ends, load distribution on the manipulators could be carried out according to a
predefined distribution ratio (ZHENG & Lun 1988)(Hsu 1989). However, it has
to be taken into consideration that the position correction involuntarily leads to
different force loading on the work-piece.

Transporting/Positioning

This phase represents the main body of the cooperative task. Whether transport-
ing heavy loads or precisely positioning the work-piece, the objective is to change
the absolute spatial position and orientation of the work-piece or to track a given
predefined path. The main requirement here is of absolute position/orientation
accuracy in terms of either positioning (point) or tracking (path).
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Figure 4.1: Different phases in a cooperative task
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Phase 5:

Phase 6:
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Any reduction in forces appearing during this phase directly affects the afore-
mentioned accuracy. In order to deal accordingly with those forces, one must
understand and categorize those forces. An adequate classification would split
the types of forces into two. The first class represents forces arising due to
misalignment between the manipulators which could be quantified according
to the deviation between the actual end effector spatial position w.r.t a global
coordinate system and the theoretical position. This misalignment arises however
accurate the work-cell was calibrated. Millimeter-wise differences in geometri-
cal features are also an extension of this class of forces. Apparently, this type
calls for a local force reduction strategy. Thereby forces can be minimized or
controlled at each manipulator within predefined constraints. The second type
of loads arise directly due to interaction of the work-piece with an unexpected
obstacle which was not taken into consideration during task planing. Such a case
is common in dynamic or unstructured environments. Contrary to the first class,
a global force reduction strategy must be employed here, in order to execute a
synchronized motion aiming at adapting the path of the work-piece to the new
state of the environment. Generally speaking, forces in the latter class would be
more menacing to the system than those from the former class. Thus, it is safe to
assume that if no mechanism to differentiate between the two classes is available
and that the task takes place in an unstructured environment, the first class can
be ignored if strategies for the second are activated.

Machining

This phase is directly related to the latter phase, since it represents a task being
executed on the work-piece while it is positioned w.r.t a static or moving machine
tool. Given that machining tasks are very complicated processes especially
regarding the interaction between forces and positions, any definition of such an
interaction is strongly coupled with task requirements especially accuracy and
process quality. It is also safe to assume that the forces arising during machining
should be handled by a global control strategy which takes the task specification
into consideration.

Lowering/Assembling

This phase represents one of the more challenging phases of a cooperative task.
Assembling or mounting could well be the main aim of the cooperative task
instead of just changing the absolute spatial location and orientation of the
work-piece as in the transport/positioning phase. In this case, the loading on
the work-piece has to be controlled according to the process requirements e.g.
tolerances, quality control etc. Hence a global control strategy is necessary
to fulfill the given requirements without resorting to local strategies. This is
based on the assumption that movement and thus local loading between the
manipulators and the work-piece will be negligible considering the loading
between the environment and the manipulator.
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Phase 7: Releasing

During this phase the manipulators disengage from the work-piece thus ceasing
any connection to it. Although the phase may seem simple, it requires a so-
phisticated and timed releasing strategy similar to that of the engaging/grasping
phase to avoid a build-up of stresses. Such a strategy minimizes the risk of any
destruction by guaranteeing either a simultaneous release by all manipulators or
by ensuring compliant behavior from the manipulators while they disengage one
at a time. It should also be noted that gravitational forces should be compensated
on a local level to counter the sudden loss of load.

Phase 8: Withdrawing
The final phase in a cooperative action is withdrawing, whereby the manipulators
withdraw from the vicinity of the work-piece. Akin to the approach phase,
withdrawing requires pure position control and a free trajectory to prevent any
collisions with the immediate environment or any other manipulators.

It is sometimes beneficial to cluster specific phases together. For instance phases 4, 5
and 6 could be clustered in a so called process phase, since the main process within the
cooperative activity takes place during those phases. According to the latter analysis of
the different phases, motion and force requirements associated with each respective phase
in a cooperative task are listed in Table 4.1.

Phase Motion/Force/Strategy  Features
Approach Y/N/Local Collision detection
Engage/Grasp N/Y/Local Grasping zones and strategy
Lift Y/Y/Global Weight distribution
Transport/Position Y/Y/Local Accurate positioning min. force
Machining Y/Y/Global WP control according to task
Lower/Mount Y/Y/Global WP control according to task
Release Y/N/Local Collision detection
Withdraw Y/N/Local Strategy similar to grasping

Table 4.1: Motion and force requirements for each phase in a cooperative task

4.3 System prerequisites

The discussion in section 2.6 points out the drawbacks of current robot work-cells w.r.t.
their architecture and their adverse effect on the robot’s programming capability. To
overcome this, it is imperative to develop a flexible robot architecture that facilitate a
simpler and more intuitive (re-)programming and operation of robotic work-cells. A
flexible architecture should not dictate specific programming technique to the user, but
allow him to create and mix different paradigms together.
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Figure 4.2: The envisioned architecture for implementing the WPBA on industrial cooper-
ating robots

Consequently, rethinking of components and interactions in a robot architecture is deemed
necessary to achieve this. To implement the WPBA a robotic architecture (as seen in
Figure 4.2 compared to the classical architecture in Figure 2.9) is envisioned. Despite the
similarity between both architectures, the proposed architecture exhibits nevertheless a
significant departure from the classical controller. For instance, the work-piece controller
and the master controller in classical arrangements represent the same centralized control
approach but the former is tightly integrated with the simulation environment and the user
interface. Additionally, force signals are exchanged between the robots and the controller,
making dynamic information available for different control schemes irregardless of their
location (centralized vs. decentralized schemes). Hence both kinematic and dynamic
synchronization is guaranteed. Moreover, the integrated nature of the architecture allows
the signals to be available for all other system components. On the whole, the architecture
reduces the robots to mechanical units while control on all levels is unloaded to an
external controller which communicates with the robots through appropriate interfaces.
Consequently, it renders the work-cell more flexible to reconfigure according to the task
at hand and the selected programming paradigm. Thus, the latter architecture leads to
certain assumptions about what the CIR system should be capable of. In this section the
prerequisites for such a system -which would fulfill the WPBA- are discussed.
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4.3.1 Bandwidth-oriented control

In the classical sense, bandwidth defines the ability of the controller to respond to system
inputs within a given time period (Mastascusa 2005) (System Dynamics - Response
Time). This is mainly affected by actual implementation of the control loops i.e. the
type and speed of hardware and communication means available to preform the control
task in the real world. In this work, bandwidth oriented control is a redefinition of the
classical layered control theory, where the layers are stacked upon each other according to
decreasing bandwidth. Since decreasing bandwidth also means variable sample rate, it is
convenient to define each layer with its own sample rate. Although the term multi-rate
control could be theoretically used to define such a scheme, it is crucial to point out the
significant difference between the two concepts. Multi-rate control denotes the existence
of several sample rates in the control loop without alluding to any functionality inherent to
these different rates. On the other hand bandwidth oriented control contains layers with
different sample rates that are prescribed certain functionalities. Thus, not only is the
control system limited to low-level control (i.e. high BW) but also to intelligent control and
decision making. This technique is famous among robotic researchers which investigate
both high-level and low-level control (GueaIes Et AL. 2007b).

4.3.2 Sensor-based architecture

A sensor-based control architecture would allow the manipulators to continuously update
their knowledge base and thus be more adaptive to the immediate environment they
are in contact with (Scamrrt ET AL. 2010). With this capability, adopting the needs of
the task to those of the process would be greatly simplified by augmenting the control
capabilities with sensoric measurements. Sensoric values augment an architecture in
three different capacities. In a programming capacity, it could be used for correcting
automatically generated code from an off-line simulation tool. Additionally sensors could
also be directly utilized for programming the work-cell and hence facilitating simpler
programming techniques as mentioned in section 2.2.1.3. In a control capacity, sensors
are used in a closed loop control manner for disturbance rejection and achieving control
objectives associated with the operation; whether they are motion or force requirements.
Another common use is for safety measures during operation, where critical values are
monitored and consequently safety procedures are triggered if they exceed defined limits.
And finally in a high-level intelligence capacity, it is utilized for decision making and its
accompanying real-time control during operation.

4.3.3 Flexible information flow

Guaranteeing that signals between different components and devices are freely exchanged
in a robotic system is necessary to ensure maximum flexibility of information flow and
signal transparency. Consequently, this provides a solid base for a flexible architecture as
earlier proposed. Signal transparency here means that all signals flowing in the subsystems
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must be accessible to all decision-making entities whether they are human operators,
intelligent control units or even remote entities. However, at one point in the control stack
a line has to be drawn between low-level control and decision making. Although this
line is up to the human system designer, it is imperative to reach a compromise to avoid
over-flooding the signal interface with a huge number of signals. Safety is also an issue to
be considered, if critical signals were allowed to be freely manipulated. On the other hand
restricting the number of signals would lead to a classical situation where the interface
is limited and would thereby restrain the capability of the whole architecture regarding
information flow. Nevertheless, during actual implementation the designer should take
performance issues into consideration. Details such as signal origins, signal data types,
communication data rate and data types have a direct impact on inter-communication in
an architecture and can’t be overlooked.

4.3.4 Intuitive human machine interfaces

Since programming represents the focus of this, simple and intuitive methods to inter-
act with the system are of paramount importance. Interaction here could be classified
according to the activity of the human operator. Initially, during programming the operator
should be able to dictate the motion of the robots and/or work-piece using intuitive input
devices. Additionally, this has to be augmented with an easy-to-understand graphical
user interface (GUI) to enable quick editing of programs. These devices and interaction
methods should also be extensible to be utilized during testing and subsequent execution.
Hence, mechanisms for uncomplicated configuration between programming and execution
have to be designed.
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4.4 Framework

Based on the latter task and system requirements a generic framework was derived to
simplify programming of CIR by implementing the WPBA. It is imperative to understand
that the framework is not a detailed design for a literal solution to the problem of program-
ming CIR. It rather represents a conceptual blueprint which could be utilized in a generic
manner. This also renders it flexible enough to be scaled and adopted according to the
required functionality and specifications. Naturally, this makes it open for interpretation in
light of several factors, chiefly being the designers’ engineering backgrounds, technical
preferences and prior experience. Furthermore, available hardware and budget constraints
have a profound influence on the interpretation of the framework and subsequent imple-
mentation of the solution. As seen in Figure 4.3, the components of the framework could
be aggregated into three main classes:

Class 1: Functional Components
This class contains two modules

1. Control Module: Encompasses algorithms and functions that possess
real-time constraints i.e. that require high bandwidth. Any break
down in the deterministic operation of this module leads to a failure of
major functionalities in the system, in other words reliability has to be
guaranteed at all times.

2. Software Module: Encompasses high-level control functions which
are not critical to the safe operation of the system. Additionally it
should provide the user with an intuitive GUI and simplify access to
different HMI.

Class 2: Device Components
This class contains four modules

1. Robot Module: Is composed of the actual commercial manipulator
and any extra actuators or linear motors attached to it. Any connections
between the manipulators’ commercial controllers and the rest of the
components are defined according to the type and capabilities of the
accompanying interface, whether it is real-time or not.

2. Sensor Module: Consists of all types of sensors such as FTS or in-
frared sensors.

3. HMI Module: This module consists of all HMI devices available to
the user. It is interfaced through the software module. Visual monitors
and haptic devices are examples of such devices.

4. Task-level Peripheries: These are devices that are imperative to task
execution but are usually independent from low level control, such as

grippers.
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Class 3: Communication Architecture
Encompasses all communication buses connecting all the components to-
gether on an inter- and intra- module level.

The framework represents the backbone of this research work and accordingly the next
three chapters will discuss the technical realization thereof. In chapter 5, the control
module is realized as a multi-layered control architecture. Subsequently, in chapter
6, the software module in the form of a flexible software environment is developed.
Since the remaining two classes namely [device components] and [communication
architecture] rely heavily on the available hardware, they will be discussed in chapter
7 within the development of an industrial test-rig.
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Figure 4.3: Conceptual framework for implementing the work-piece based approach
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The alteration of motion is ever proportional to
the motive force impressed; and is made in the

direction of the right line in which that force is

impressed.

Mathematical Principles of Natural Philosophy
Isaac NEwTON

5.1 Overview

In this chapter the control module of the framework will be realized in the form of an
encompassing control architecture. This architecture spans not only the control module
but also its interaction with the software module to enforce the WPBA. Based on previous
research in the field of cooperative manipulation and in order to gain valuable insight into
the control problem, it is imperative to synthesize it into two separate, but nevertheless
mutually exclusive sets of problems. The first addresses the interaction of a robot with
its environment i.e. transition from the state of free movement to the state of contact
and how this contact could be controlled (discussed in section 5.3). While the second
problem addresses the control of cooperating manipulators working in tandem and how
their interaction with each other and with the environment is controlled (discussed in
section 5.5).

5.1.1 Basic definitions

Although controlling manipulators was one of the very first problems that caught re-
searchers’ attention with the advent of modern robots, research in this field continues
uninterrupted to this day. The complex nature of that robotic behavior aspired to with
state-of-the-art manipulators makes the underlying control architecture all the more so
important. Consequently, high-level automation and artificial intelligence techniques
hoping to mimic complex human behavior are rendered useless unless accompanied by ad-
equate control algorithms. Those algorithms make sure the required behavior is translated
into motion instructions, which the robot dynamics are capable of executing (GEORGIA
INsTITUTE OF TECHNOLOGY ET AL. 2009, P. 44). This led to different interpretations of control
architectures and their constituent parts. Thereby, to avoid confusion relating to the terms
in this chapter, the following definitions for all control-related entities and activities are
introduced:
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Control Laws

Control laws describe the unique relationship between an input and an output
signal defined in the frequency domain or the time domain as a transfer function'.
This definition also includes multi-variable control relationships described by
the state space representation (Dorr & BisHop 2007, P. 632).

Control Structures

Control structures are built with different components to achieve a certain control
functionality through a dedicated routing of signals in a system. Consequently,
the structures usually overlap irrespective of their content, thereby several blocks
could build more than one control structure according to the routing.

Control Loops

Control loops describe the arrangement of control structures/components w.r.t.
each other and according to the location of execution. Hence a loop could be
characterized as centralized or decentralized if an operation takes place in a
central or a distributed fashion respectively (KHATIB ET AL. 1996a).

Control Modes

Control modes are digital> (ON/OFF) signals which are mainly used to en-
able/trigger specific control structures or any other assistance algorithms. They
could be in a sense considered as enablers of discrete automation i.e. pro-
grammable logic controllers (Weck & Brecher 2006, P. 81).

Control Layers

Control layers are differentiated by their varying bandwidth. Each layer is
essentially executed with a unique sample rate or within a specific bandwidth>.
The layers could contain any number of control entities sampled at the same rate.
It allows to organize those entities not in a functional manner but from an aspect
of implementation (YIN ET AL. 1997).

Control Architecture

The sum of all components that involve decision making, control activities
and control entities within a system built in a hierarchical manner. One may
consider the hierarchies as organizational building blocks orthogonal to the
aforementioned control entities. The topmost hierarchy describes the control
layers. The second is the operation modes which trigger other control structures.
The third and most basic block is the control law. An architecture can also be
regarded as composed of several layers, which may contain overlapping control

"Whether it is a continuous-time signal (s) or a discrete-time signal (z)
2 Also termed binary or boolean signals.
3 A bandwidth is characterized by an upper and lower sample rate limit.
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structures triggered by operation modes. It is mainly characterized by a multi-
rate nature as seen in Figure 5.1, allowing it to be mapped to varying bandwidth
(GUEAIEB ET AL. 2007b).
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Figure 5.1: The different definitions in a control architecture

It is imperative to note that this chapter mainly discusses the undermost level i.e. the
control structures. Nevertheless the information with the other layers is also outlined and
will be thoroughly discussed in the next chapter.
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5.2 Modeling

Modeling serves to understanding relations between the different components of the system
in light of kinematic and dynamic analysis. This assists in designing the required control
architecture. Furthermore it facilitates decreasing the design complexity of the controllers
by incorporating assumptions to simplify the analysis.

5.2.1 Coordinate systems

In this section the different coordinate systems encountered in the analysis of cooperative
manipulation will be introduced (Figure 5.2).

World frame (‘W)

The world frame, also termed the ’global frame’ is a fixed coordinate system which is
usually set in an arbitrary location somewhere in the vicinity of the manipulators. To
aid the mathematical description of the system, the frame is usually positioned so as to
simplify the derivation of equations. A common practice is to adjust it to coincide with
the initial position of the work-piece frame. All or most of the other coordinate systems
are at some point defined w.r.t the world frame.

Robot frame (R)

The robot frame is a coordinate system attached to the base of a given robot. It is usually
considered fixed w.r.t the world frame unless the robot is capable of moving i.e. mobile or
installed on a linear motor. In industrial robots, it is usual to have the z-axis of the frame
coincide with the axis of the first joint, thus simplifying kinematic analysis.

Tool frame (7°)

This frame is attached to the TCP of a given robot. In industrial practice and sometimes
in the research literature it is commonly/interchangeably termed the TCP frame. It is
imperative to point out that this frame does not lie at the robot’s flange, but is directly
attached in the middle of the gripper. In most cases, the gripper is not flexible in a manner
that the mathematical transformation between both the tool frame and the flange frame is
constant, hence the interchangeable nature of the term. Additionally, the posture of this
frame in practice is defined w.r.t the robot frame.

Work-piece frame (O)

This frame is usually attached to the work-piece’s center of gravity. The initial orientation
thereof is usually aligned to that of the World Frame.In this work only one work-piece is
considered at any given time. Therefore, only one work-piece frame exists through this
ongoing analysis.

Generalized coordinates

In dealing with rigid bodies, sometimes it is more advantageous to describe the system in
a set of generalized coordinates which are independent from a fixed frame or coordinate
system. This eliminates the variables needed to express constraints between the variables.
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2 Robot

1st Robot

Figure 5.2: Different coordinate systems in a cooperative task

In robotics, it is common to use the joint angles and their derivatives as generalized
coordinates. When those sets of coordinates are utilized, the analysis is made in the joint
space. Thus differentiating it from an analysis in one of the latter frames, which could be
collectively termed the task space*.

5.2.2 Posture representation

A rigid body is completely described in space by its position and orientation w.r.t a given
reference frame or coordinate system. Since the total DOF of a body in space are equal to
six, therefore the posture xqy of any rigid body w.r.t to the world frame could be uniquely
described with six mutually exclusive parameters:

xw=[ 7,81 eR® (5.1)

where:
7 € R? describes the three translational DOF along the x, y and z in the world frame

@ € R3 describes the three rotational DOF around the x, y and z axis in the world frame

4Using the term task space to describe world, robot, tool or work-piece frame depends on the specific phase of the
task
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Postures could be described in various mathematical forms. The choice thereof depends
on how convenient this form could derived, manipulated and eventually implemented
in a controller. In this section two forms of posture representation and their notation
will be introduced. Their mathematical properties makes them ideal candidates for the
implementation in the next sections.

Homogeneous transformation notation (HTN)

This type of notation is defined as a matrix that is artificially composed of the translational
vector 7 and the rotational vector § shaped in a rotation matrix R(6). To convert from one
coordinate system to another or to move a vector around several coordinate systems, one
must simply multiply the 4 X 4 matrices together in the right order. The homogeneous
transformation matrix is mathematically defined as (SponG ET AL. 2006, P. 61)

R(©) 4 e R¥¢ (5.2)

where:
R(H) € R¥3 is the rotation matrix representing the rotation of ¥ around )
and is defined as
u.\’ v)C W)C

RO)=|u, v, wy 5.3)
u, v, u

Z k4 Z

Vector quaternion notation (VQN)

This notation is applied here for its simple structure, although it entails more complicated
programming practices for implementation. Its simplicity lies in the fact that it maintains
the posture represented in a vector format albeit with a different length. The VQN is
mathematically defined as (KuaLiL & Domsre 2002, P. 53)

xw=[ 7,01 erR’ (5.4)

where:

# € R* is the quaternion representation of the rotation vector 7]
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5.2.3 Kinematics

5.2.3.1 Analysis for single manipulator

In order to deploy a robot for a given task, it is imperative to either know or to dictate
the path of the robot end-effector or TCP. Thus the goal of the kinematic equations is to
establish the relation between the joint movement and the end-effector movement (SponG
ET AL. 2006, P. 76). Since the number of joints of a robot defines its kinematic capability,
any definition starts by listing the joint variables. Essentially, two types of joints exist in
robotics: revolute and prismatic (Sciavicco & SiciLiano 2005, P. 39). Revolute joints are
those allowing rotational motion around their axis through geared drives, while prismatic
allow translational motion along their principle axis through linear drives. For an n-drive
robot, the vector of joint variables is written as

T n
9=l q,9 - @1 €R (5.5)
If the number of robot drives is equal to or exceeds six drives, then the end-effector is

capable of a six DOF motion in spatial space. At any moment in time, the posture of the
end-effector w.r.t the robot’s frame can be expressed as a function of the joint variables

xg = flq) (5.6)

To obtain expressions for the velocity and acceleration of the TCP, equation (5.6) is
differentiated twice w.r.t time, yielding the following expressions

iz = flq) = J(@)q (5.7)

ix = J(@)q + I (@i (5.8)

where J(g) € R®" is termed the jacobian matrix and is defined as

1)
Jq) = a—;‘ (5.9)

Depending on the manipulator configuration, the jacobian matrix represents mapping
from the joint space to the task space of the TCP. It constitutes one of the most useful
mathematical tools in robotics. It is utilized to find singular configurations of a manipulator,
to analyze redundancy and even to map the joint torques to the forces/torques arising on
the TCP (Sciavicco & SiciLiano 2005).
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5.2.3.2 Analysis for cooperative manipulators

In order to extend the latter definitions to a group of cooperative manipulators interacting
with the same work-piece, the following is assumed:

e Assumption 1: The system exhibits flexibility only through the control system and
not due to any flexibility in the work-piece, hence the manipulators and the object
are considered rigid and non-deformable (KosuGe ET AL. 1997)(REINHART & ZAIDAN
2009).

e Assumption 2: The grasp between the manipulators and the object at the gripping
point is tight i.e. no slipping or sliding occurs (CaccavALE ET AL. 2000).

o Assumption 3: The jacobian matrices either in an analytical or in a geometric form
are known and hence the kinematics of the manipulators are known (GUEAIEB ET AL.
2007a).

o Assumption 4: The geometrical and dynamical properties of the object are known
(GupiRo Lau & Arteaca 2005).

The starting point of this analysis are the 1* and 2"/ assumptions. According to which the
distance between the object frame and any tool frame is constant throughout the movement
of both the manipulators and the object. Consequently, the rotation of the TCP frame of
any manipulator i is equal to the rotation of the object frame o

S0
I
S

(5.10)

or in rotation matrix form:

R(); = R(0), (5.11)

according to Figure 5.3, vector 7o_r; defines the distance between the the two frames O
and 77, which is constant throughout the motion. Hence, the position of the tool frame 7;
w.r.t. the world frame is equal to

7 = 7o+ RO)Fio-r) =T, + 14, (5.12)

where

7o, = R(O)oT(0-7) (5.13)
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Figure 5.3: Movement of the tool frames relative to movement of the object frame

Equations (5.10), (5.11) and (5.12) represent the geometrical constraints on the body and
consequently on the movement of the manipulators. By differentiating twice w.r.t time,
the expressions for the kinematic constraints (CaccavaLE & ViLLant 2000)

6, =0, (5.14)
fi:i“o—S(?g“)g,- (515)
and
6 =4, (5.16)
¥y = ¥, — S(#,)0; — S(7,)8(6)6; (5.17)

where S(-) is the skew symmetric matrix performing the cross vector multiplication on its
arguments.

5.2.4 Dynamics

In the upcoming section all discussions and mathematical derivations will be conducted
based on non-redundant manipulators with six DOF.
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5.2.4.1 Analysis for single manipulator

The dynamic equation of a manipulator in joint space with ¢ € R® can be written as follows
(Kurress 2005)

M(q)iq + C(q.q)q + Dg +G(q) =7 — J" (@)F (5.18)

where:

M(q) € R is the symmetric positive definite inertia matrix, which also represents the
kinetic energy of the dynamic system in terms of a lagrangian analysis

C(q, ) € R¥® represents the Coriolis and centrifugal forces/torques
D(q,§) € R®® is a diagonal matrix representing the viscous friction coefficients

G(g) € R® represents the vector of gravitational forces acting on the manipulator’s
structure

7 € R® represents the joint force/torque applied by the actuators on the manipulator
F € R® represents the forces/torques arising on the TCP

The operational space formulation allows robotic researchers to formulate manipulator
problems in the task space of the robot (Kuarie 1987). By using the acceleration at robot’s
TCP as derived in Equation (5.8) and by neglecting the friction components in Equation
(5.18), the following expression can be easily obtained’

Mo ()% + Co(x, D)3 + Gu(x) = T4 — F (5.19)

where:

M, = f(M,J) € R is representative of the kinetic pseudo-energy of the dynamic
system in the operational space (Sciavicco & SiciLiano 2005)

C, = f(M,C,J,q) € R represents the equivalent of the Coriolis and centrifugal
torques/forces in the operational space

G, = f(G,J) € R® represents the equivalent of the gravitational forces in the operational
space

7, represents the contribution of the TCP forces due to joint actuation

5The question of redundant and non-redundant manipulators will not be handled here due to its irrelevancy. Further
information regarding this topic w.r.t. the operational space formulation could be found in (Kxars 1987)
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Equation (5.19) not only transfers the analysis and consequently control of a manipulator
from the joint space to the task space but also generates a unique mathematical relationship
between the joint forces and the forces arising on the TCP during contact with the
environment. This relationship could also be obtained using the principles of virtual
work in static analysis (Sciavicco & SiciLiano 2005)

T=J(¢)'F (5.20)

5.2.4.2 Analysis for cooperative manipulators

The dynamic equations for a set of m cooperative manipulators in the operational space
for i = 1, ..., m could be written as follows

M1 (x)F + Car(xy, X1)x1 + G (x1) = 701 = F

M iy (x2) % + Cop(x2, ) X2 + Gop(X2) = Top — 2
M i(x)%; + Coi(xp, X)X + Goi(x;) = 70 — Fi (5.21)

Mum(-xm)xm + Cam<xm, xm)xm + Gam(xm) = Tam = Fin

In a matrix form, the latter equations could be compounded to

Mpsis +Crip+Gyr =74 — Fy (5.22)
where:
Xa=[ XtpoosXn 1 €ROM
M, = blockdiag(M,; ... M,,,) € Ro"™>o"
C, = blockdiag(C,, ...C,,) € R™6"
G, = blockdiag(G,, .. .G,,) € RO™6"
Ta=[ Ti,.oo,Tm ]T € RO

Fo=[ Fi,....,Fn ]T€R6m
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Equation (5.22) summarizes the collective dynamics of the manipulators but stops short
of describing the cooperative action. However, this could be completed by considering
the dynamics of the work-piece. A quick dynamic analysis thereof reveals the following
equation

Mu(xo)xu + Go(xu) = Fu (523)

where:
M, (x,) € R is the symmetric positive definite inertia matrix of the work-piece
G,(x,) € R represents the vector of gravitational forces acting on the work-piece

F, € R® represents the sum of all forces/torques acting on the work-piece’s center of
gravity

Figure 5.4: Force analysis on the work-piece

When more than one manipulator interact through a common object under the assumptions
mentioned in section 5.2.3.2, the external force vector on the work-piece from the i
manipulator are

Foi= F; (5.24)

S(Fo-1) 1
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and hence the resultant forces/torques acting on the center of gravity of the work-piece
from the manipulators are equal to

=
M

Fo—i (525)

i

which connects the dynamics of the manipulator (Equation (5.21)) to the dynamics of
the object (Equation (5.23)). Thereby transferring the focus of the analysis from the
operational space of the robots to the work-piece space as envisioned in Figure 3.1. It
is important to remember that all forces arising on the work-piece can not be solely
attributed to the interaction between the work-piece and the manipulators. To obtain a
comprehensive expression of the forces on the work-piece during interaction with the
environment, Equation (5.25) has to be augmented with the extra term F,,, € RS, which
represents the component of the total forces on the center of gravity of the work-piece
generated by the interaction of the work-piece with the environment as illustrated in Figure
5.4.

Fo = Fo—i + Fcnv (526)

5.3 Interaction control

As already discussed in section 2.3 and section 2.4 different control algorithms, laws and
structures have been heavily investigated in the literature. In this section, the overarching
interaction method or control law implemented in this work will be introduced. This
method is based on force augmented impedance control similar to what was investigated
by Lopes & ALmEIDA (2006). Initially, a fully fledged impedance controller is developed.
The most popular form for such a controller though remains the mass-damper-spring
system (MDSS) which is well studied and understood (SurpiLovic & Vukosratovi¢ 2002,
P. 23.14). During runtime the controller tries to achieve the target impedance by enforcing
the relationship between the manipulator and its immediate environment. This target
impedance is defined as (KAMNIK ET AL. 1998)

f=M,(x - %)+ B,(x — %) + K,(x — x0) (5.27)

where:
Xo € RS is the reference posture signal

M, € R% is the symmetric positive definite matrix defining the target inertia
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B, € R% is the symmetric positive definite matrix defining the target damping
K, € R% is the symmetric positive definite matrix defining the target stiffness

In the latter description a 6 DOF manipulator movement is assumed. By substituting
the difference x — xo by an error signal X, and expressing Equation 5.27 in the Laplace
(s)-domain, one obtains:

F(s) = (M,s* + B,s + K)X, = Z,(s)X. (5.28)

where:
Z,(s) is the target impedance in the s-domain and is equal to (M,s* + B,s + K)

Although implementations on industrial robots generally refer to impedance, they deploy
in reality another form referred to as admittance control. The difference arises from the
nature of industrial robots since most of them offer no or limited access to the joint torques
but rather to a task space position interface (WINKLER & Suchy 2007b). Additionally the
forces are usually not deduced from the loading on the motors but are measured directly
at the TCP using sensors. Hence, the resultant control loop inverses the mathematical
definition of impedance, but nevertheless maintains the concept intact

F(s) X(s)
X - 29 and

= A/(s) (5.29)

where:
A(s) is the target admittance in the s-domain and is equal to Z(s)!

The latter control law is not only used for manipulator/work-piece interaction but also
work-piece/environment interaction in what could be termed cooperative impedance
(KosuGe & Hirata 2005, P. 20.8). Eventually the aim is to enforce this impedance
across all interacting bodies and hence enforce controlled relationships between them, as
shown in Figure 5.5. This will be apparent once the corresponding control structures are
discussed. This approach is similar to the approaches investigated by CACCAVALE ET AL.
(2008) and Moosavian & AsHTiant (2008), where internal impedance/manipulator level
impedance denotes manipulator/work-piece interaction while external impedance/object
level impedance denotes work-piece/environment respectively. The second step is to
augment the latter control law with an active force controller in all directions (SzEwczyk
ET AL. 1996). This is readily achieved by subtracting a reference force from the measured
forces

Xe(s)

m = A,(S) (530)
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Figure 5.5: Cooperative impedance enforces impedance across manipulators, work-piece
and environment

where:
F.#(s) € R is the reference force signal

Equation (5.30) represents the general form of the controller used throughout this work.
This controller will be referred to in the upcoming structures as the interaction control
law (ICL). According to the parameters of the controller different functionalities could be
enforced. To parametrize this controller a total of 24 variables is required; the target inertia
in all DOF, the target damping in all DOF, the target stiffness in all DOF and the reference
force in all DOF. It is important to note that this controller can also be parameterized in
run-time according to the task phase, predefined limits and triggers.

5.4 Assist functions

5.4.1 Force monitoring

In order to effectively implement active interaction control, forces/torques arising at critical
points in the cooperative system have to be determined. Without adequate foreknowledge
of the system dynamics i.e. structure and parameters force monitoring is deemed necessary
(L & ApeL-MaLek 2000). In this regard, force monitoring alludes not only to measuring
the forces at the manipulators’ TCP but also to observe the forces if not directly measurable.
In practical implementations, two main methods to measure forces at the robot’s TCP
are commonly used. The first method utilizes the manipulators’ motor currents (BoHm
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1994)(WiNkLER 2006, P. 99-100). Assuming a constant velocity (hence zero acceleration),
the following equation applies

Frep=Jt=JK.i (5.31)
K € R® is a constant value relating the motor currents to the joint torque

i € R® is the motor currents of n motors in the manipulator

For complex cases involving redundant motors (> 6) and variable velocity profiles, an
accurate dynamic model of the manipulator is necessary. Otherwise the force/torque values
computed will be not accurate enough. Although gaining access to motor currents doesn’t
entail extra costs, this method is highly complicated and requires real-time computation of
the non-linear robot model. The second method is the direct measurement of forces using
a dedicated force/torque sensor (FT'S) mounted between the robot’s TCP and the gripper.
Modern force sensors are either based on the piezo-electric effect or on strain-gages.
(Hesse & Mavisa 2010, P. 65-70). Most commercial FTS utilize strain-gages mounted
on different beam structures (VOYLEs ET AL. 1994). By mathematical manipulation of the
gages’ readings, forces and torques in the six principle directions could be determined.
Regarding observing the forces/torques on the work-piece, it is quite difficult to separate
between the two components indicated in Equation (5.26) (WINKLER & Suchy 2007a). For
practical purposes the latter equation will be handled as follows

Fo~ {Z;", F,;, for work-piece/manipulator interaction (5.32)

Fony, for environment/work-piece interaction.

Equation (5.32) represents the core of the geometrical force observer used in this work. It
was constructed based on the assumption that the component of the resultant force on the
work-piece due to the interaction between the manipulators is negligible to F,,, when the
work-piece starts to interact with the environment®. The importance of such an assumption
will become evident when adaptive control is discussed.

5.4.2 Gravity compensation

Due to the FTS being mounted between the gripper and the TCP of the manipulator, a
gravity component arises on the FTS due to the weight of the gripper in the free state
and the weight of both the gripper and the object in loaded state. Without adequately
compensating for those forces before activating any controller requiring the forces, will

In this case, the environment denotes not that of the manipulators i.e. the work-piece, but rather that of the
work-piece itself. In interaction control literature, a robot interacting with a work-piece is considered interacting
with its immediate environment which is not the case here.
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only lead to faulty results and unnecessary drift. Gravity compensation for the work-
piece compliance is more complicated than for the single robot case and requires prior
knowledge of the location of the center of gravity of the work-piece w.r.t all the TCP in
the system.

5.5 Control structures

In the following sections, several control structures built upon the analysis introduced in
the latter sections will be presented. As stated at the beginning of this chapter, control
structures exhibit different control behavior by a dedicated routing of signals through the
same components in a given layer. It is imperative here to define the functions of the basic
blocks encountered in the upcoming sections so as to understand the behavior of each
structure:

Commercial robot controller

In this composite block, the commercial robot controller along with the robot itself
is aggregated into one block. Thereby, utilizing the commercial controller instead of
implementing the robot trajectory generator required by the framework. However, it must
be noted here that this block is built on the assumption that the robot vendor provides
a real-time interface to the robot’s trajectory generator. Not only is this required, but
the interface must be capable of executing commands in the robot’s task space. The
representation of the block in this manner allows the control designer to handle the robot
as a black box and cease worrying about the inner workings of the controller, since the
commercial controller guarantees robust and accurate positioning.

Work-piece trajectory This is a generic block which denotes the source of the work-piece
trajectory and is formally a component of the software module in the framework. For
example the trajectory could be generated in an off-line simulation environment, or on-line
using a jogging device. The output is either a trajectory in a HTN or a VQN w.r.t the world
frame.

Work-piece trajectory generator The work-piece trajectory generator is responsible for
converting the trajectory of the work-piece into corresponding coordinated trajectories for
each manipulator depending on the given geometrical constraints. These constraints are
defined before the operation starts, but could also be changed during operation.

5.5.1 Coordinated motion

The most simplest and most straightforward type of control is implemented by enforcing
the geometrical constraints on the robots. In principle, this type of control is what could
be found in commercial CIR mentioned in section 2.5. As already discussed in section
5.2.3.2 geometrical constraints guarantee that the movement of the TCP of all robots is
synchronized to the movement of the work-piece. The most important prerequisite for the
operation here is the relative calibration between the robots, which is usually done through
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calibration w.r.t. a fixed frame. Any deviations or discrepancies would lead to internal
loads and stresses on the work-piece.

i,| Robot 1 Trajectory

—= Robot 1 f——
Generator

commercial robot controller

wpP WP Trajectory
Trajectory Generator

JudWuoJ LAU3

.| Robot 2 Trajectory Robot 2 |
Generator
Geometrical
constraints commercial robot controller

Figure 5.6: Coordinated position control in work-piece mode

The structure illustrated in Figure 5.6 with a built-in geometrical constraints block rep-
resents the basis of the upcoming structures. To set those constraints, two methods are
applied here, namely the work-piece method and the offset method. In the work-piece
method, the relative paths of all robots are calculated w.r.t. the work-piece path. Hence, the
constraints required here are those described in Equations (5.10) to (5.12). Consequently,
the implementation in the VQN takes the following form

=7+ O,F 070, (5.33)
0; = bo-10, (5.34)
where
Po-1) = é&,},(%i - 7”0,0)%,, = Constant (5.35)
O-7,) = 00,8;,, = Constant (5.36)

On the other hand, the offset method calculates the relative paths of all robots w.r.t. another
robot. Hence their relative positions and orientations w.r.t the master robot stay constant
as long as this mode is turned on. This could also be termed a master-slave configuration,
whereby it pertains only to geometrical or kinematic synchronization. Consequently, the
implementation in the VQN takes the following form
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=P+ 0;R )07 (5.37)
éi = é(r]‘/._fr’.)éu (538)
where
?'(7']._7"’,) = é(;i(?'(), - ?().j)é(),j = Constant (539)
é(?'jf’T,) = éo,éall = Constant (540)

Although both methods achieve the same behavior, the offset method suffers from the
classical delay between the master and slaves which is avoided by using the work-piece
method. This is attributed to the fact that the work-piece method sets the work-piece as
master and the robots as slave and given that the work-piece itself is virtually controlled
through the robots, the delay on all robots will be uniform.

5.5.2 Accommodation control

In this section a common type of interaction control will be implemented to facilitate
one of the major aspects of the WPBA. This type of control enables the lead-through
programming method already discussed in section 2.2.1.2. Different implementations
refer to this type of control with several names, for instance accommodation, hand-guided
and compliance. Due to the nature of cooperative tasks and its multiple phases with its
respective requirements discussed in section 4.2, this type of control will be implemented
in two structures. The first structure implements the control law in an independent fashion
while the second implements it in a work-piece based fashion. The principle upon which
the compliance’ control law is built on, is very simple and is directly derived from
the impedance concept introduced in section 5.3. The control law is a form of energy
dissipation whereby a manipulator dissipates the energy imparted to it by moving in the
path of least resistance and hence minimizing the forces on it. In a mechanical sense, it
acts as a damper such that no energy is conserved but rather absorbed. In terms of the
general controller discussed in section 5.3 takes the following form

F(s) = B,X,s (5.41)

7for simplicity’s sake it will be termed compliance control
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Owing to the simplicity of the control law and control structure, it has been widely adopted
and in recent times successfully commercialized (Pires 2008b). The main application
is to manually position the robots for non-interaction tasks for instance welding or for
assisting elderly workers with physically demanding tasks (NEto ET AL. 2009)(SPILLNER
ET AL. 2008).

5.5.2.1 Single manipulator mode

This structure is a local implementation of the compliance control law on each robot. No
signals whatsoever connect the robots together as shown in Figure 5.7. Each manipulator
has its own compliance controller and gravity compensation. The basic function of this
structure, is that it allows the user to move both robots independently from each other only
with the sheer force of his hand. Thus, by activating one or both compliance control blocks,
the user is able to simply position the TCP of each robot manually. Another function
derived from this is imparting to any manipulator a compliant nature during cooperative
tasks. Before such an action is made possible, it is however imperative to change the
controller gain to accommodate the difference between the dynamics of a human hand and
that of a rigid object.

i

CompTliance Gravity
Controller 1 Compensation 1

Robot 1 Trajectory
’| Generator Robot 1 e FTs 1

commercial robot controller

JuBWUOJ LAUT

Robot 2 Trajectory
'| Generator Robot 2 T FTs 2

commercial robot controller %

compliance Gravity
controller 2 Compensation 2

Figure 5.7: Control structure facilitating accommodation control in single manipulator
mode

5.5.2.2 Work-piece mode

On the contrary to the latter implementation, this structure is of a centralized nature.
All manipulators are connected to each other through the work-piece signals. The basic
function of this structure is to enable the compliance control law but on the work-piece level.
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To achieve the latter objective two steps are necessary. The first is to monitor or observe the
forces on the work-piece i.e. the internal loading of the work-piece due to external forces.
A work-piece observer based on the principle discussed in section 5.4.1 is located after
local force monitoring on the manipulators’ TCP. The second step entails the observation
of the work-piece’s posture w.r.t the world frame based on the instantaneous posture of the
manipulators. By coupling this information with the geometrical constraints, the movement
of the work-piece in space will be consistent and will represent the force dissipation
principle discussed previously. As shown in Figure 5.8 the structure implements the same
concept as that of Figure 5.7 but in a centralized way. However, all the components are
work-piece oriented instead of being specific to one or the other robot. It is also important
to note that the work-piece’s trajectory does not exist, since it stems from interaction
control i.e. no trajectory is given or predefined. The work-piece simply reacts to any force
exerted on it and moves away to reduce it.

| wpP Compliance WP Gravity |
| controller Compensation |

Robot 1 Trajectory Robot 1
Generator | [E—

commercial robot controller

WP Trajectory
Generator

WP Force
observer

JUBWUO LAUT

Geometrical
Constraints

Robot 2 Trajectory Robot 2 l
Generator |

commercial robot controller

WP Position
Observer

Figure 5.8: Control structure facilitating accommodation control in work-piece mode

5.5.2.3 Drift issues

Due to the nature of the control law, any forces measured or observed will be processed as
a reference signal and hence will lead to a non-zero motion command. This unintended
motion could arise due to a multitude of reasons. The most common is the faulty calibration
of the robots. Hence the real position of the work-piece w.r.t to the TCP is not accurate
resulting in an error translated as forces/torques. Another source are the residual forces on
the TCP after the operator stops exerting effort on the TCP. These forces may be due to:

1. Inherent structural compliance in the FTS or in the work-piece itself.

2. Mechanical compliance between work-piece and gripper.
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3. Structural and mechanical compliance of the robots.

Since the control parameters are based on stiff interactions, large compliance could render
the control parameters invalid. To counter this problem, a simple technique has been
employed. The movement of the manipulators and consequently the work-piece is coupled
is only activated when needed. Hence the operator has to make sure an enable button is
pressed as long as he intends to switch on this structure.

5.5.3 Adaptive control

The name of this type of control maybe somewhat deceptive. Adaptive here refers to the
ability of the work-piece to adapt to its environment. As mentioned earlier in section 5.4.1,
these forces arise either from positional inaccuracies during coordinated movement or from
interaction with the environment. In order to differentiate between them, the interaction of
the work-piece with the environment must be somehow detected. The simplest case would
be a manual operator that switches between the two structures according to the given task
phase. For a fully automatic operation a mechanism or an intelligent unit is required. In the
next sections, two structures will be introduced to treat the two interaction cases. The two
structures are based on the presumption inherent in Equation (5.32). The choice of the ICL
in these structures depends on the operator and the criteria to be enforced. Consequently,
two main criteria for interaction control exist. The first can be termed a dynamic relation
criterion, which enforces a relationship between the objects in question using a fully
parameterized impedance controller. While the second can be termed minimum force
criterion which attempts to minimize the forces arising on the work-piece by dissipating
energy using a compliance controller (as a special case of a full impedance controller).
Given the generic interaction law discussed in section 5.3, it is possible to implement both
criteria.

5.5.3.1 Manipulator/work-piece interaction

As mentioned before, Equation (5.26) reduces to the first part of Equation (5.32) when
no interaction between the work-piece and the environment occurs. The idea behind
this structure is simple and represents a form of a decentralized control (KuMmE ET AL.
2002a)(KHaTiB ET AL. 1996a). When all manipulators are moving in a coordinated fashion,
all of them use the forces arising on their respective TCP to control or minimize the internal
loading between them and the work-piece. In this case the generated trajectories are
modified to accommodate the local forces, thus the reference trajectory of the work-piece
is irreversibly lost. To avoid this, the same technique can implemented while retaining
only one of the manipulators in position control. This would have the effect that all the
manipulators (slaves) deviate from their reference trajectory except one (master) which
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will actually maintain its reference position and also that of the work-piece®. However, the
trajectory of the work-piece will still be lost, but could be easily referenced to that of the
master manipulator. The latter scheme can be termed a dynamically coupled master-slave
approach analogous to the terminology mentioned in section 2.4.1. This is illustrated in
Figure 5.9. Where the second robot is position controlled and hence represents the master
manipulator while the first is the slave manipulator since the compliance/impedance
controller is active. The interaction control loop of the second robot is grayed out to
indicate that it is available if needed. According to preference, the roles could simply be
switched to reference the work-piece trajectory to other robots.

n a

Comp/Imp Gravity
controller 1 Compensation 1

_| Robot 1 Trajectory Robot 1 |»
Generator

<commercial robot controller

wP WP Trajectory
Trajectory Generator

WP Gravity
Compensation

JUBWUO LAUT

__| Robot 2 Trajectory |_.| Robot 2 |»
Generator

commercial robot controller

Geometrical
Constraints

Comp/Imp Gravity
controller 2 compensation 2

Figure 5.9: Control structure facilitating adaptive control for manipulatorwork-piece
interaction

5.5.3.2 Work-piece/environment interaction

This structure addresses the case when interaction between the work-piece and the envi-
ronment takes place. Compared to the latter structure, this is fully centralized in nature.
The forces on the respective TCP are fed into a work-piece force observer to determine
the total forces on the work-piece. Consequently these forces could be controlled and
a correction trajectory for the work-piece is generated, which subsequently augments
the original reference trajectory specified by the operator as shown in Figure 5.10. It
is apparent that the outcome here is a compliant work-piece motion, whether it be a
compliance or impedance controller. This structure is of utmost importance in operations
where the 6" phase (refer to section 4.2) comprises the main objective of the operation

8Based on the assumption that the contact between them is rigid as mentioned in section 5.2.3.2
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i.e. an assembly task. Not only is it possible to control the forces but by dynamically
changing the controller parameters it is also possible to execute autonomous tasks with
the work-piece by controlling the shape of the interaction in a variable fashion.

| wP Impedance WP Gravity
| controller Compensation

_| Robot 1 Trajectory I__| Robot 1 |‘_.
Generator

commercial robot controller

wp WP Trajectory
Trajectory Generator

WP Force
Observer

JUBWUO. LAY

Robot 2 Trajectory
Geometrical —'| Generator Robot 2
Constraints

commercial robot controller

Figure 5.10: Control structure facilitating adaptive control for work-piece/environment
interaction

5.6 Architecture

In the latter section the different control structures pertaining to all functionalities required
from the control module were discussed. These structures are based on the interaction
control principles presented in section 5.3. Along with the assistance functions, the latter
components establish the core of the control architecture as a practical implementation
of the control module in the framework. The architecture in its entirety is illustrated in
Figure 5.11. Referring to the definitions and terminology in section 5.1.1, the architecture
is based on three main layers.

The first layer, termed the low-level control layer, consists of what requires real-time
execution and hence lies on the higher end of the bandwidth scale. It represents the
integration of the components from the aforementioned control structures in a manner
which facilitates an exclusive triggering of any structure at any given time without in-
terfering with the others. A rearrangement of the blocks reveals three major loops: two
decentralized inner loops representing the local control around each robot, a centralized
outer loop representing the global control on the work-piece. Since the work-piece in
itself is a non-drivable object, its movement is based on the robots’ motion and hence the
centralized loop is based on the decentralized loops. Each loop has its own fully parame-
terized interaction control law (ICL) making it capable of enforcing the triggered structure.
The second layer, termed the high-level control layer, contains two main components
executed in a way similar to programmable logic controllers (PLC). The operation modes
trigger either the robot mode which mainly invokes the decentralized control loops or the
work-piece mode which triggers the centralized control loop.
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Furthermore, this mode sets the geometrical constraints arising from the relative coor-
dinates of the robots w.r.t. the work-piece. On the other hand, the interaction control
modes are responsible for parameterizing the ICL in the low-level control layer through
predefined parameters. These parameter are in turn used to enforce the required inter-
action functionality i.e. compliance control or impedance control. Assistance functions
such as gravity compensation and force monitoring are defined and subsequently activat-
ed/deactivated utilizing similar modes. The third and uppermost layer is the intelligent
layer. It represents the interpretation of the task into motion and force requirements by
a decision-making entity. This could be a human operator or an artificial intelligent unit
which is capable of deciding move, generate, trigger and enable actions to successfully
complete a task.

5.7 Summary

In this chapter, the control module was technically realized as an architecture enforcing
the control functionalities of the WPBA. Initially, the kinematics and dynamics of single
and cooperative manipulators were investigated revealing the mathematical relationships
governing their interaction. Subsequently, a generic interaction control law based on the
impedance principle augmented by a reference force was developed. This law was fully
parametrized to enforce different interaction behaviors either between the robots and the
work-piece or between the work-piece and the environment. Given that the forces on the
work-piece have to be monitored, a geometrical force monitor was developed. Moreover,
gravity compensation in order to take the work-piece’s weight into consideration during
control activities was implemented. Subsequently, control structures to enforce certain
functionalities were introduced. These structures contained overlapping blocks but differed
in their respective signal routing, hence resulting in variable outcome. Additionally, the
arrangements of the blocks according to their geographical locations revealed two major
control loops; namely local for single robots and global for the work-piece. All in
all, four structures were developed, two enforcing accomodation control and adaptive
control for single robots and two enforcing the same functionalities but for the work-
piece. The aforementioned components, interaction control law, assistance functions and
control structures were brought together in one encompassing control architecture. The
architecture features several layers each with its own bandwidth. Hereby providing the
flexibility of separating control actions requiring real-time execution from others with
no real-time constraints. Moreover, the architecture takes into consideration the motion
and force requirements of each phase in a cooperative task, thus enabling the technical
implementation of the proposed approach.

78



6 Software Environment

Any sufficiently advanced technology is
indistinguishable from magic

Profiles of the Future: An Inquiry Into The Limits
of the Possible
ARTHUR C. CLARKE

6.1 Overview

In this chapter a software environment is developed, representing the technical realization
of the software module in the framework. It combines different concepts and ideas
providing the user with several programming techniques to attain full control of the
work-piece. Combined with the control functionalities discussed in the latter chapter it
facilitates a flexible and powerful architecture allowing the user a simple interface to the
robot work-cell in three different capacities (SRI INTERNATIONAL 1988):

e As a production designer, it allows the user to plan the work-cell and virtually
simulate the process.

e As a robot programmer, it allows the user to combine different programming
paradigms to (re)program the work-cell.

e As a work-cell operator, it allows the user to monitor the work-cell and make
changes accordingly to boost the performance or adapt to arising disturbances.

Historically the role of software environments for industrial applications has been to
simulate the feasibility of a given robot-based operation and consequently its behavior
w.r.t. a specific production process. Thus robot manufacturers introduced simulation
environments with their robot cells to address the customers’ needs in this regard (refer to
section 2.2.2). Hence, production planners were able to test the process hypothesis in a safe
way, before trying to perform the operation on a real work-cell. A natural extension of this
method was to automatically generate robot code from the simulation and transfer it to the
robot in order to be executed. Although this constituted a very plausible and cost-effective
method of robot programming, it failed to replace on-line programming methods. Owing
to the fact that discrepancies between the simulation and reality abundantly exist, the
generated code which executed flawlessly in the simulation is rendered useless in the
real world (YonG & Bonney 1999, P. 357)(VoaL 2009, P. 20). Thus production planners
were faced with two choices: either to write the program from scratch using on-line
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programming or manually adapt the existing code to the real world i.e. post-adaptation.
This debacle lead to two parallel developments. The first was lead by robot manufacturers
and software developers to develop more accurate environments, that would require little
or no post-adaptation. Hence tighter calibration between the real and virtual worlds was
rigorously enhanced (BREcHER ET AL. 2010). The second was spearheaded by research
institutes and partly by commercial companies to develop simpler on-line programming
techniques which would render robot programming a simple and inexpensive process
(REWNHART ET AL. 2007)(HEIN ET AL. 2008)(HoFFmMANN ET AL. 2009). A major objective
thereof is to help SME which are characterized by small production lots and hence more
frequent re-programming to deploy robot-based automation in a cost-efficient manner
(ScHrRAFT & MEYER 2006).

6.2 Requirements

The objective is to design a software environment that would offer the user simple and
intuitive methods to plan, program, deploy and monitor a robotic work-cell. As already
mentioned the software should assist the user in three different roles; production planning,
robot programming and work-cell operation. The overarching aim here, is not to only
develop a simulation tool but an environment which serves as the cornerstone of a flexible
robot architecture in an integrated and level-oriented manner (GARLAN & Suaw 1993, P.
28)(GEORGIA INSTITUTE OF TECHNOLOGY ET AL. 2009, P. 43). Based on the latter statement and
in order to avoid the limitations of commercial simulation tools available on the market,
the design of this environment should fulfill the following requirements:

1. Providing a 3D-graphic simulation which could be augmented with realistic physical
behavior i.e a physics simulation engine should also be included. Furthermore, com-
patibility with similar tools should be ensured through a simple and understandable
environment specification based on standard description schemes.

2. Ensuring a transparent information flow between all components of the system.
Transparency in this sense means that at any time during operation, the operator has
access to all signals measured from, observed or fed into the system.

3. Interfacing intuitive HMI devices and allowing the user to (re)configure them
according to both the operators and the tasks’ needs. Additionally, it provide
standard interfaces to external devices including sensors, and other process specific
accessories like grippers. This also encompasses ethernet-based communications
with real-time or non-real-time components.

The next three section are devoted for discussing how the latter requirements are technically
realized in the software, which was named "PuppetMaster4D’.

80



6.3 Environment

6.3 Environment

6.3.1 Structural components

To develop a software environment fulfilling the aforementioned requirements, special
purpose software engines are needed. The engines should act as the core around which
the environment’s architecture will be developed. The growth of the PC gaming industry
in the latter decade contributed immensely to the increasing number of software game
engines available whether open source or proprietary. Although no unifying definition
and scope for game engines exists (ANDERSON ET AL. 2008) they usually incorporate
3D graphic rendering, physics engine networking and human-interaction mechanisms
among other functionalities (LEwis & Jacoson 2007). Some engines only offer graphic
simulation capabilities (THE OGRE Team 2011)(NikoLaus GEBHARDT ET AL. 2011) while
others offer integrated packages which contain physics-based simulation and collision
detection (10 SorFTwaRE 2011)(Fucas 2011). In this work the open source CHAI3D engine
was chosen as the core for the environment (CoNTt ET AL. 2003)(Contr ET AL. 2005)(CoNTI
ET AL. 2011a). Its characteristics make it appealing for the required purpose due to the
following reasons:

e The graphical rendering mechanism is based on OpenGL’s GLUT libraries (SiLicon
GrarpHics 2011a), which are platform independent and hence easily portable to
different platforms. The OpenGL standard (SiLicon Grapaics 2011b) itself is widely
supported by graphic chips’ manufacturers, making hardware acceleration possible
for a large range of graphic cards.

o A simple mechanism to include all the graphical objects defined in a physics-based
simulation through integration with the open source physics engine ODE (Open
Dynamics Engine) (Smrra 2006).

e The graphical and physics rendering loops are conveniently built around a haptic
rendering loop. Special mechanisms in CHAI3D handle the interplay between the
different loops allowing the user to concentrate on the task at hand without worrying
about the thread handling of each loop.

e Support for a wide range of haptic and input devices. Additionally, integration of
new devices is greatly simplified through template classes and simple interfaces to
device drivers.

e The engine is characterized by an object-oriented structure, making it simple to
build upon utilizing inheritance and polymorphism concepts central object-oriented
programming (ScremsL 2003, P. 26).

e |t has a simple and intuitive structure, which is augmented with many tutorials (with
code) to help newcomers to quickly build applications of their own.
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The QT (Nokia 2011b) framework is chosen for implementing the user interface and
additionally serving as a basis for integrating other libraries. The framework itself contains
diverse libraries which simplify implementing not only a dynamic GUI but also widely
used interfaces. Figure 6.1 illustrates the main constituents of the software and how the
different libraries are arranged w.r.t. each other. The CHAI3D libraries containing both
the ODE engine and the GLUT libraries represent the core of the software, around which
other libraries are connected through the QT framework. QTGui and QTCore are utilized
for the GUI, which allows common mouse-based functionalities like drag and drop and
widget rearranging. While QTNetwork and QTXML are used for external communication
and manipulating XML data structures, respectively. Several device drivers and interface
libraries are incorporated to provide for connectivity to diverse HMI. For instance, the
free WiiUse library (HomeBREwW CHANNEL 2011) is used for interfacing the Nintendo
wireless remote device (WiiMot) (Nintenpo 2011). The Novint Falcon and the Sensable
PHANTOM haptic devices are interfaced through the hdfalcon and hdPhantom libraries
respectively (NovinT 2011)(SEnsaBLE TEcHNOLOGIES INc. 2011). Additionally, the digital
input/output (I/O) card from QUANCOMM is interfaced through QLib, a vendor-specific
library (QUANCOM InrormaTIONSSYSTEME GMBH 2011b).

software Environment (PuppetMaster 4D)

= | [<]
= [ ODE QTCore Container, Signals and Slots
c o
@

CHAI3D QTGuUi Graphical user Interface

QT

z & = =
%; ° g = o GLUT QTNetwork UDP-Server & Client
il z 1z 2]z 2
HIERIEEIERS I——
g:r S g g § o QTXm1 XML-Reader

Operating System

Figure 6.1: Library components of the software environment (HuBeLE 2009)

6.3.2 Joints

The choice of CHAI3D included the choice of ODE as the physics engine. ODE is an
open source physics engine with a small foot-print and efficient calculation schemes
(Smrra 2011). Inherent to the engine is also a collision detection capability which is
connected to the physics calculation. Of particular interest in ODE are the types of joints
representing several types of real life motors and actuators (Figure 6.2). They are described
as follows:
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possesses 3 rotational DOF and is specified by one point i.e the anchor.

possesses 1 rotational DOF along an axis at the anchor and is commonly
used to represent rotational motors (whether geared or not).

possesses 1 translational DOF along an anchor and is mainly used to repre-
sent linear motors.

possesses 1 translational and 1 rotational DOF and is in reality a combination
of a slider and a piston and represents the motion in an internal combustion
engine.

possesses no DOF, its main aim is to fix two bodies together preventing any
relevant movement between.
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Figure 6.2: Joint types in ODE from http:/lwww.ode.org

6.3.3 XML-based description

XML is quickly becoming the language of choice for information saving and retrieval.
Its simple and human-like structure makes it an ideal contender for cross-application
information exchange (BraAy ET AL. 2008)(WorLp WipE WEB Consortium 2011). This is
reflected in the increasing number of applications which define their information in XML
structures/files (ARNAUD & Parist 2007). In the computer graphic industry an effort is being
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undertaken to unify the environment descriptions in graphic software including modeling,
animation and manipulation. The COLLADA consortium developed a simple and intuitive
environment definition based on the XML language specification to describe 3D content
(Sony CompuTER ENTERTAINMENT INC. & KHrRONOS Group 2011). In this work, a similar
data structure was developed to describe a dynamic virtual environment (BARNES ET AL.
2008). The data structure represents not only the graphical and dynamical description
of the software but also the signals and information flowing through the software. In the
following descriptions the different components of the structure will be presented:

Environment properties

A basic environment definition must contain certain information at the beginning of the
description. This includes the name (name), dynamic simulation parameters (erp, cfm)
and light properties (ambient,specular). For the dynamics to be correctly calculated
the gravity vector has to be defined (gravity). The background color of the graphical
environment could also be directly defined (color). According to the user’s needs,
different light objects could be included to give a photo-realistic graphical rendering of
the environment. A combination of the latter elements in a basic environment definition
would look like the following xml-listing:

FILE: test_environment.env
<environment name="Test_Environment" scale="1.0" erp=".8" cfm="1e-18"
ambient="-.8" specular="1.">
<gravity z="-9.81"/>
<color r="1." g="1." b="1." />
<light>
<color r="1." g="1." b="1." ambient="0" specular="1."/>
<translation x="50" y="100" z="80" />
</light>
</environment>

Object hierarchical structure

To accommodate chained structures, the XML-description is based on a hierarchical
structure. It allows the aggregation of objects that constitute one body or mechanism to be
represented in a parent-child manner. For instance, in the following listing an articulated
robot with six DOF is described accordingly from base to wrist:

FILE: RobotTypeX.prt
<object name="robot">
<object name="base">

</object>
<object name="arm2">
</object>
<object name="arm3">
</object>

<object name="wrist">
<object name="wristl">
</object>
<object name="wrist2">
</object>
<object name="wrist3">
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</object>
</object>
</object>

Beside being easy to understand the relation between different objects, this method is also
used to build a library of commonly used components and referencing them for repeated
use or saving them for use in other definitions. A prime example thereof is that of robotic
mechanisms. Using the definition of a specific robot class in the latter listing, one could
reference it repeatedly in the same environment but with different names and locations to
create an array of similar robots. It has to be noted though, that in their definition different
base locations have to be defined.

<environment>

[...]1

<object name="Cooperating_Robots">
<object group="Robot_1" url="RobotTypeX.prt">
<translation x="0" y="0" z="0" />
</object>
<object group="Robot_2" url="RobotTypeX.prt">
<translation x="100" y="100" z="80" />
</object>
<object group="Robot_3" url="RobotTypeX.prt">
<translation x="200" y="100" z="80" />
</object>
</object>

[...]1

<environment>

Object I/0

Where the <ioobject> denotes the existence of inputs (the <controller> structure)
and/or outputs (the <output> structure) for the object it is wrapped in. The latter signal
structure is not only limited to simulated objects but also to graphical and external objects.
The controller sets the variables for the position control of the respective component
and additionally sets limits on the positional and rotational DOF. Moreover graphical
lines denoting the forces from external FTS sensors could be visualized according to a
predefined scale:

<object name="arm">
<ioobject switchports="true">
<controller>
<gain position="32" rotation="40"/>
<limit position="1" rotation="1"/>
</controller>
<output />
<forces force="100" torque="10" />
<arrow scale="1" axis=".8" />
</ioobject>
</object>
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6.3.4 Graphical components

The graphical components allow the user to comfortably interact with the structural
components of the software environment. With the exception of the signal matrix, all
of the components are dynamically defined. Hence they are only available when the
user creates them in run-time. Furthermore, most of the graphical components have
emitter/receiver ports (this will be detailed in in Table 6.1).

Graphical view

The graphical view represents a 3D render or a view port of the environment
in run-time, through which the user can visualize the effect of interactions
and changes by him or by the constraints imposed by the physics engine. The
user can also create more than one view port to visualize the environment
from different perspectives. Additionally he can also manipulate each view
independent of the others by zooming, panning and rotating it using the
computer mouse.

Signal matrix

Recorder

Switch-box

The signal matrix represents the front-end or graphical interface to the signal
management scheme that will be introduced in section 6.4. It enables the
user to reconfigure the signal connections between the different components
in run-time. This window is constantly updated to accommodate new signals
being dynamically defined or destroyed. If the user clicks a connection
between two defined objects, an attachment window opens up beside the
main window exhibiting the emitter and receiver ports of those objects.

A recorder is a dynamically defined window, which contains several sub-
windows. After the user creates a recorder in run-time, he is allowed to
define an infinite number of signals in the shape of channels. Each channel
has a type and a name and is considered both an input and output object. If
the channel is connected to a signal as in input, it records the data from that
signal with time and is thus a recorder. On the other hand, connecting the
same channel to a signal as output makes the channel a play-back device and
thus could be used to execute recorded signals.

A switch-box is a dynamically defined window, which is derived from a
connection between two objects. It enables the user a simple and direct
access to important boolean signals in the signal matrix, without having to
resort to the complicated and error-prone process of clicking through and
managing the signal matrix.

UDP connection
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This window represents a connection to an external device via Ethernet. It
can be configured using a special configuration file containing the name
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Figure 6.3: Screenshot of the PuppetMaster4D software environment
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and type of signals exchanged between external devices and the software
environment. An update of this file in run-time will automatically refresh the
Signal Matrix to exhibit the changes in signals belonging to those devices
i.e. I/O ports.

Manual input

Monitor

Object I/O

The manual input is a dynamically defined window, with which the user can
manually type in required posture data in the global coordinate system. It is
considered a source, thus has no inputs.

The monitor is a dynamically defined window, with which the user can
monitor the posture of an object in the global coordinate system. Hence it
functions as a scope to display values in run-time. It is considered a sink,
thus has no outputs.

This is a static window displaying all the inputs/outputs pertaining to all
graphical objects defined in the environment. The definition thereof comes
directly from the XML environment file loaded at the beginning. The user is
also allowed to change the parameters of the joints (maximum and minimum
values) and/or enable and disable position controllers pertaining to specific
objects.

Settings window

The settings window is used for saving and activating a group of signal
configurations. The settings could represent a group of connections for
related actions, for instance the third phase in an assembly operation.

WiiMot settings

This is the graphical interface to the WiiMot which is connected to the
software via Bluetooth. The WiiMot can be used as a remote control utilizing
the divers buttons on it, or an input positioning device through its infrared
position sensing capability in 3 DOF and its gravitational rotation sensor
only in 2 DOF.

Falcon settings

Digital I/O
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This is the graphical interface to the Falcon haptic device which is connected
to the environment via USB. The Falcon is a haptic device which could
display forces in all three directions while simultaneously sending the posi-
tion data. The forces displayed on it are not limited by the forces from the
dynamic/haptic thread, but can also be read from an external device.

This window is the graphical interface to a digital I/O relay card which is
connected via USB to the PC. Since the card can only process digital signals
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it sends and receives boolean signals. Such a device is conveniently used to
interface process-specific accessories e.g. grippers.

Figure 6.3 shows a screenshot of the software displaying all the components defined in
run-time for a cooperating robot application. The components are [1] Manual Inputs, [2.a]
Recorders, [2.b] Channel Editor in a recorder, [3] HMI (Novint FALCON and Nintendo
WiiMot), [4] Graphical views, [5.a] Signal Matrix, [5.b] Switch-boxes derived from the
signal matrix, [5.c] Object signal I/O linked to the signal matrix, [6] Monitors, [7] External
communication through UDP/IP, [8] Saved configurations for the signal matrix.

6.4 Signal management

6.4.1 Transparency prerequisite

As a requirement of any signal management scheme, transparency has to be ensured.
Transparency in this sense means that at any arbitrary time during operation, the operator
has access to all measured, observed or fed signals. In this regard, signals denote any
values that are imperative for control (at any level) of the system. To do this, one must
start by identifying the major signals in a robotic work-cell and accordingly design the
signal scheme bearing in mind the latter prerequisite.

Position (r) This signal consists of 3 double values that indicate the position of a
body w.r.t the world coordinate system.

Rotation () This signal denotes the rotation of a body w.r.t the world coordinate
system in the form of a rotation matrix requiring 9 double values.

Boolean (B) This signal can take on true/false values. It is mainly used to trigger
or enable certain functionalities in a digital control manner.

Force (F) This signal consists of 3 double values that indicate the force acting
at the body’s center of gravity w.r.t the world coordinate system. This
vector could be generated from the dynamic simulation of bodies or
as real values from an FTS attached to the real objects. This also
applies to the torque signal.

Torque (7) This signal consists of 3 double values that indicate the torque at the
body’s center of gravity w.r.t the world coordinate system.

The latter signals can be easily expanded to include other time dependent or independent
values specific to a class of devices e.g. laser sensors or multi-port pneumatic grippers.
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6.4.2 Signal management scheme

Based on the transparency prerequisite and the decision to use the Qt framework for user-
interface functionalities, a concept for sophisticated signal management was developed.
Thus ensuring an expandable and bi-directional information flow between all components
of the system. Atits core the scheme employs the signals and slots concept from Qt (Nokia
2011a). Two objects were built upon this concept, namely; emitters and receivers.
Emitters are a generic class representing outgoing signals from a component, hence it maps
an output port for a specific type of signal. Receivers on the other hand represent incoming
signals and therefore map an input port. By default, an emitter can be connected only to
a receiver from its own signal type'. Built-in error detection prevents illegal connections
which could result in false or unintended signal exchanges. Each component is assigned
a number of emitters and/or receivers according to its function. They are either
embedded in the definition of the component or are dynamically defined in run-time with
the environment definition. Table 6.1 shows the components and their corresponding
emitter and receiver ports.

Component Emitters  Receivers Dynamic/Static  User-defined
UDP Connection r,0,B,F,t r60,B,F,1 static yes
Graphical Object r,0,F r static no
Joint r,0 r,0 static no
Manual Input r,0 - static no
Recorder r0,B,F,t r0,B,F,7T dynamic yes
Switch-box r0,B,F,t r0BF,T dynamic yes
Monitor - r,0 static no
WiiMot 6,B B static no
Falcon rnB F static no
Digital I/O B B static no

Table 6.1: Components and their assigned emitter and receiver ports

It is worth noting that during run-time the number and type of emitter and receiver
ports could be fixed (static) or could be configured by the user (dynamic). The user
interfaces this management scheme through a signal matrix which is continuously updated
in run-time. As shown in Figure 6.4 it could be considered a skewed representation of
connections in an interconnected block diagram. This window consists of all existing
objects at any given time as rows and columns. The rows exhibit all objects with emitters
while the columns exhibit all objects with receivers.

!Even if the signals from a data-type point of view are identical: for instance position and force signals
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Figure 6.4: Mapping the inputsjoutputs signals of interconnected blocks from a block
diagram scheme to a signal matrix scheme
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Since an object can contain both emitting and receiving ports, it is common to see the same
object both in the rows and the columns. By clicking on the intersection between a row and
column another matrix-like window pops-up (channels) with a check-box corresponding
to each emitter port. For instance, if the user wishes to establish a connection between
the position from object no.1 to object no.2 in run-time, he only has to tick the check-box
corresponding to such a connection in the channels windows. It is important to note that,
a port can send its signals to several other ports, but it could only receive from one port.
However, the signal matrix becomes very complicated and increasingly error-prone for
large numbers of objects. Therefore, a signal configuration saving and loading mechanism
through the settings window as described in section 6.3.4 is available. Figure 6.5 shows a
real example of the proposed mechanism. In the top configuration, the robot1-wrist3 object
-which is a graphical representation of the robot- receives its position and orientation from
an external source (the UDP Connection object), while in the bottom configuration, the
robot1-wrist3 object receives its positions and rotations directly from manual user input
(the Manual Input object)

Connections
robat - wrist3 | robotZ - wrist3 || UDP Cannection and rabat1 - wrist3 Parts:

LUDP Connection [+ rab r.. :[] robotz - wr... || Position 1 Position

Manual Inpuk [ robott -wr.. [ robotz -we. || poyovion Fotation
robotl - wr.. robatZ - w.
USEREL Sutches Position 2 [] Pasition
part [ robott -we.. [] robot2 - wr
Earget1 [ robott -wr... | [] robot2 - wr.., | [Reteton2 | [] Rotation
target2 [] robott - we.. [] robotz - we.. ||Force 1 Arrow
Torque 1 s
Force 2 [ Arrow
<] i 3] |Toraue 2 [ #xis
Connections

robotl - whist3 | robok2 - wrist3 | | Manual Input and robotl - wrist3 Ports:
UDP Connection [] robott - wr.. [] robok2 - wr.. || Pastion Position
4] robot2 - wr.. | ooy ation Rotatian

Manual Input

USBRELB Switches robat1 - wr.. robotZ - .
part [ robott - we.. [ robot2 - wr
target1 [ robott - wr.. [] robotz - wr.
targetz [ robott - we.. [ robot2 - wr
< m >

Figure 6.5: An example highlighting the flexibility of the signal matrix

6.4.3 Control module interfacing

To reduce the complexity of interfacing the control functionalities it is imperative to
redesign the interfaces between the system components. Since hardware interfaces are
usually specified in advance by the vendor, they remain to a large extent unaltered during
design and run-time. On the other hand, software and control components depend on the
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required functionality, architectural and structural design of the system. To accommodate
different needs, two types of interfaces are provided:

Signal/parameter interface

Such an interface facilitates a direct and low-level access to the inner-most
control loops and its accompanying parameters (Figure 6.6). This gives the
operator unrestricted power over the workings of such laws, such that the
user dictates the parameters of a certain control law according to the needed
response and hence directly influences the outcome of the measured signals.
Although this could be preferable for experimenting with control strategies
and tuning their parameters, it nevertheless burdens the operator with many
low level control decisions which are not of real interest to him.

lIIEHHHHHHHHEIIIl

lIIIEIHHHHHHEEIIII

Manipulator

Trajectory

mx + dx + cx

Force Sensor

Figure 6.6: Interfacing the control laws through changing the parameters

Switch interface

This interface encapsulates the signals and parameters in blocks which are
already tuned and ready to be used (Figure 6.7). Although very beneficial
from the user’s point of view, it may lead to redundancy in the inner construc-
tion of the interface. To ensure a similar level of functionality as that of the
latter interface and without threatening the abstract nature of the blocks, a
back-door to a limited number of parameters is provided. Hence, an operator
is not restricted by the default values of the parameters but is capable in a
limited capacity to change them if sufficient knowledge is available.

The functionality in both interfaces does not significantly differ, but their architectural
structure and how the human operator or any other intelligent entity perceives them marks
how contrasting they are. What makes the second interface more appealing for a human
operator is the ability to abstract the required action for a predefined output. Instead of
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Figure 6.7: Interfacing the control laws through triggering predefined blocks

worrying about the inner workings of the underlying control loops, for instance setting the
controller parameters, it defines the controller in term of what the required functionality
is from the system. Thus the user only has to trigger or activate/deactivate one or more
blocks to achieve a certain functionality. On the other hand, the first interface allows an
adaptive parametrization scheme as required different parts of a process. Which is readily
consistent with the parametrization scheme mentioned in section 5.3. Thus providing an
adequate interface for artificial intelligent units to manipulate the behavior of the control
structure through parameter manipulation.

6.4.4 Configuration matrices

Configuration matrices are based on the motion and force requirements for each phase
in a cooperative task. The terms stem from the fact that the requirements translate into
connections between signals, which is represented by a matrix-like structure (as seen in
Figure 6.4). Two sets of configuration matrices are defined here:

Programming Configuration Matrix (PCM)
This configuration matrix sets the control modes during programming of a
task. The user influences this by deciding certain actions.

Runtime Configuration Matrix (RCM)
This configuration matrix sets the control modes when a task is in play-back
mode i.e. during execution of the task. In this case the user can’t enable or
trigger any modes (can’t influence them) i.e. automatic operation.
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The difference between the two matrices depends on several factors. Chiefly is the
number of phases in any given task and how variable the force and motion requirements
are. This increases the complexity of both the programming and run-time configurations
significantly. Furthermore, the flexibility of the system encourages the operator to combine
several programming methods together by using functionalities inherent to specific run-
time phases during programming. Naturally, such hybrid methods tend to proportionally
increase the deviation between the two configurations.

6.5 Device integration

In this section, two classes of device integration will be discussed. The first is the HMI e.g.
positioning and haptic devices, while the second is concerned with connecting to external
devices through a communication bus. Both rely heavily on the design choices and the
implementation details of the software and the accompanying real-time platform.

6.5.1 Human machine interface

The term HMI is used to describe any interaction between a human and a machine during
a certain task, literally when humans and machines meet (ABout.com: ErGonomics 2011).
This includes everything from input devices, switch panels to graphical user interfaces
and touch screens (GEORGIA INSTITUTE OF TECHNOLOGY ET AL. 2009, P. 82). Human Robot
Interaction (HEI) is a related field of study which is dedicated to designing and evaluating
interfaces specifically between robots and humans (GoobricH & Scuurrz 2007)(REINHART
ET AL. 2010a). Consequently, in this section the discussion is limited to devices that allow
the operator to control/navigate the robots in an intuitive and simple manner. Their main
advantage is their simplicity, thus no prior tutoring to operate them is necessary. However,
they do require some familiarity to be operated efficiently, which mainly depends on the
type and structure of the device. The device classes addressed here are divided into:

Positioning Devices

These are input devices that measure the change in their relative po-
sition and/or the orientation when the user operates them. They may
contain joints and hence exhibit a mechanical structure. Measurement
of those variables could be done by two methods, either by independent
sensors or calibrated sensors. Gyroscopes for rotational movements and
optical encoders for translational movements are common examples of
independent sensors usually built in commercial devices (PONGRAC ET AL.
2007)(NETo ET AL. 2009). Calibrated sensors on the other hand require
calibration with external components. Laser and infrared tracking de-
vices are common examples which require external calibration (HeN
ET AL. 2008)(BRECHER ET AL. 2010).
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Haptic Devices

Haptic devices can also be considered a subset of positioning devices.
The main difference though is that the device acts not only as an input
device but also as an output device (MaL1 & Munm 2003). By incorporat-
ing motors in the device, forces and/or torques could be conveyed back
to the user in real-time. This complicates the mechanical structure and
construction of the device but greatly enhances the user experience when
interacting directly with a virtual environment or a physically remote
environment (MassiE & SALISBURY 1994)(Stone 2000). Additionally, it
can be used for assisting the operator during off-line programming with
haptic cues (WORN ET AL. 2005).

To accommodate different classes of devices, an abstraction layer is developed based on
the CHAI3D device abstraction class; namely cGenericDevice (ConTi ET AL. 2011b). As
seen in Figure 6.8, each device is imparted to a certain number of inputs and/or outputs.
Conventional input signals are for instance position and rotation for both positioning and
haptic device classes. On the other hand, some output signals such as forces, are exclusive
only for haptic device class. After investigating different devices, other common inputs
and outputs were incorporated in the design of the abstraction layer, for example buttons
and LEDs. Those inputs/outputs imparted to a certain device are mapped into the signal
matrix as ports specific to this class of device.

User Configuration
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Figure 6.8: HMI abstraction layer

Consequently, defining an object of this class automatically generates the input/output
ports for it in the signal matrix. Characteristics for each device are also available in a
separate dockable window, from which the user could configure the device accordingly.
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For instance the scaling factor of the position signal emitted from a positioning device
or parameters of the emitted signal of the force feedback from a haptic device can be
directly configured. Two major issues have to be addressed when HMI and especially
those including haptic devices are developed; workspace scaling and DOF mapping (Rap1
ET AL. 2010).

6.5.1.1 Workspace scaling

Due to the restricted mechanical structure of HMI, their effective workspace is usually
smaller than that of the manipulators they control (Contr & Kuaris 2005). This imposes
certain geometrical constraints during operation rendering the deployment of HMI useless
without adequate workspace scaling techniques. This issue has been extensively studied in
the literature and especially in the scope of telepresence applications for both downscaling
and upscaling and even mobile manipulation (ZiH ET AL. 2006)(ScHAuss ET AL. 2009).
The two most common scaling techniques are implemented in the software environment
(MALETT ET AL. 2004)(ConTr & KuaTiB 2005)(REINHART ET AL. 2010a):

Position navigation
In this arrangement the position signal emitted from the HMI xy,, is
interpreted as a scaled position signal X, where the scaling factor K,
is a run-time variable.
Xoutput = Kp-XHMI (6.1)

During operation the user presses a button. When the end of the HMI’s
workspace is reached, the user releases the button and moves the device
back to its initial position. Subsequently the button is pressed again
and the movement can ensue. This method is similar to the scrolling
movement of a computer mouse and is termed indexing. Hereby, the
index of the device is continuously altered to correspond to the current
manipulator position.

Velocity navigation
In this arrangement the position signal emitted from the HMI is inter-
preted as a scaled velocity signal X,,,., where the scaling factor K, is
also a run-time variable.

xomput = Kv-xHMI (62)

The device in this case behaves like a gas pedal; the more the user steers
the device in one direction the quicker the manipulator moves in that
direction. Hence, the workspace of the device becomes theoretically infi-
nite. However this method requires calibration to prevent the manipulator
from drifting at small values.
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Both methods are implemented for each device, making it possible to change the scaling
factor and the method of choice in run-time. It has to be mentioned that in the case of a
haptic device, scaling is not only limited to the workspace but also to the forces conveyed
back to the user. This could in many cases lead to instability issues especially if the time
delay in the total control loop is significant (GoLLE ET AL. 2003). However, the framework
provides the capability of integrating model-based feedback methods or prediction based
methods to overcome those issues (CLARKE ET AL. 2006)(ScHIiLLHUBER & ULBricH 2008).

6.5.1.2 Degree of freedom mapping

It is not uncommon to use an HMI device with a certain mechanical structure and hence
certain DOF to control an object or a manipulator with different DOF. Hence the DOF
of an HMI Ay, € R! have to be mapped to those of the manipulated object A, € R or
directly to the manipulator A,,, € R". Several mapping configurations are given in Table
6.2.

HMI DOF type Mapping Configurations

2 T planes X-Y / Y-Z / Z-X

3 T translation in space XYZ or rotation in space ABC
3 R rotation in space ABC

6 T+R  translation in space XYZ and rotation in space ABC

Table 6.2: DOF mapping configurations for HMI

Figure 6.9 is an example for DOF mapping for a 6 DOF SENSABLE Phantom (MAsSIE
& SavuisBURY 1994)(SensaBLE TeEcHNOLOGIES INc. 2011) and a 6 DOF KUKA robot (KR
6/2). Since both possess the same DOF, the mapping is relatively straight forward. The
device’s TCP frame (7 peyice) W.IL. its global frame (‘Wp,,ic.) is scaled and mapped to the
manipulator’s TCP frame (7 yanipuiaror) W-I.L. its global frame (W yanipuiator)-

6.5.2 External communication

To communicate with manipulators, sensors and an RTP, external means of communication
are required. The most common method for communication would be a field-bus e.g.
ethernet or CAN-bus. For communicating logic signals with process-specific devices or pe-
ripheries such as grippers, a digital I/O card would suffice. Both means of communication
are implemented in an extensible and intuitive manner in the software environment.

6.5.2.1 Ethernet

Industrial buses are a common characteristic of modern industrial plants. Their standard
plug interfaces and underlying protocols make them an attractive technology to connect
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Figure 6.9: Mapping the world and TCP coordinates of a haptic device to an industrial
robot

different components from different vendors. To give the environment the flexibility
and power to be a central component in the design and deployment of the work-cell,
ethernet (IEEE 802.3 ETHERNET WORKING GROUP 2011) was chosen for external
communication involving all kinds of data. An ethernet communication scheme could be
directly based on the available computer ethernet infrastructure. Thus reducing the cost
and time of installing new cables. However, ethernet is not without its own drawbacks.
Most important thereof, is its inherent lack of real-time data transfer capability and the
long packet switching time?. These aspects are accounted for in this work by separating
the real-time functionalities and deploying them directly on the real-time platform.

6.5.2.2 Digital I/O

The second type of communication relates to digital signals. Although most modern
industrial devices are outfitted with buses, some devices only require direct interfacing
through a digital I/O port. The only type of signals that can be connected to this interface
are naturally the boolean signals. Provisions for direct connection with stand-alone cards
which are not part of the RTP are also taken into consideration. It is important to point out
that this doesn’t breach the real-time capability of the whole system, since those signals
mostly do not affect the real-time operation. For instance controlling the gripper is not a
real-time critical operation except if total failure occurs.

2This is valid only when utilizing TCP/IP or similar protocols
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6.6 Work-piece based virtual environment

To implement the work-piece based approach, a virtual world corresponding to the actual
world is created in the software environment. Subsequently both worlds, virtual and real
are connected through the real-time platform (will be discussed in section 7.2.4). Given the
flexibility of the software, two different virtual worlds are created. As shown in Figure 6.10,
the first configuration generates the reference trajectory of the robots through two graphical
objects (targets). These are connected with fixed joints to a graphical representation of
the work-piece which in turn is controlled by the user through a HMI. Given the relative
posture of the target objects to the work-piece object is known, the dynamic engine
in the software environment calculates the respective posture of the graphical objects.
Subsequently, these positions are directly sent to the real-time platform through a UDP
connection component. In the second configuration, the trajectory of the work-piece is
sent to the real-time platform directly. This however requires a robot trajectory generator
on the platform, which calculates the trajectories of the respective robots. This variation in
implementation highlights the flexibility of the software environment and how it is capable
of realizing a given approach in a multitude of ways.

6.7 Summary

In this chapter, a software environment was developed representing the technical realiza-
tion of the software module in the framework. The software assists the user in different
capacities during all phases of manufacturing; as a production planner, a robot programmer
and a work-cell operator. The software was developed around several open source engines
hereby providing simultaneous graphic/dynamic/haptic simulation capabilities. To facili-
tate description of virtual environments and accompanying signals, an easy-to-understand
XML data structure was developed. Additionally, a component based GUI was designed to
allow the user to dynamically define graphical components according to the task’s needs.
Given the large number of signals in a CIR system and the level of flexibility dictated by
the work-piece based approach, a powerful but nevertheless flexible signal management
scheme was designed and developed. This gives the user unprecedented control over all
signals flowing through the system in run-time. Moreover, it represents a continuation of
the control architecture in the latter chapter through tight integration with the high-level
control layer by providing a reconfigurable control interface. The environment also pro-
vides provisions for interfacing external devices whether they are HMI devices, sensors
or additional platforms. For intuitive HMI devices an abstract interface was developed
and extended to scale the workspace of the devices and map their DOF to the virtual
environment and subsequently to the real work-cell. Additionally, interfacing external
components was made simple through utilizing a standardized ethernet connection or an
industrial input/output signals.
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Figure 6.10: Two different configurations for the software environment featuring the WPBA

101






7 Experimental Test-rig

To invent, you need a good imagination and a pile
of junk

THomAs A. EbisoN

7.1 Overview

In this chapter an experimental setup implementing the work-piece based approach will be
presented. The technical realization of the first class of components [functional] in the
framework section 4.4 which included the control and software module were discussed
in chapters 5 and 6 respectively. Due to their heavy reliance on the type and characteristics
of the available hardware, the remaining two classes, [device] and [communication
architecture] will be presented here. Thus this chapter explicitly addresses the sensors
module, robot module, HMI module, task-level peripheries in section 7.2 and the
communication architecture in section 7.3. The design and development of the test-rig
is dictated by a set of requirements which takes into consideration the motivation and
objective of this work. Those requirements are listed as follows:

1. To retain the generic nature of this work and to guarantee porting of the meth-
ods introduced here to similar robotic work-cells in an industrial setting, only
commercially available and off-the-shelf components are selected and used.

2. Since robot manufacturers tend to dictate the type and extent of functionalities
available to the user, it was imperative to abstract these interfaces to build control
functionalities independent from the commercial controller.

3. Maintaining the design as flexible as possible in order to simplify adding or re-
moving hardware or software and components. Regarding hardware, this meant
depending more on PC-based infrastructure to avoid being hampered by different
vendor-specific interfaces. Regarding software, most of the user interface is gen-
erated in run-time hence it is not hard-coded. Furthermore, those interfaces are
subsequently saved in configuration files to avoid repetitive initialization sequences.

4. To prevent hogging of the communication bandwidth and to avoid choking of data
at critical locations, dedicated hardware and compact efficient data representation is
utilized.
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Although those requirements dictated certain design decisions, they nevertheless allowed
a continuous improvement of the overlapping aspects of the test-rig. Thus the test-rig was
being continuously improved in terms of hardware and communication in order to retain
the design concept represented by the requirements.

7.2 Device components

7.2.1 Robot platform

The robotic platform consists of two KR6/2 industrial class robots from KUKA connected
to a KRC2 industrial controller from the same manufacturer as shown in Figure 7.1 (KUKA
GmeH 2011a)(KUKA GmeH 2011b). Although weighing about 250 Kg each, they have a
payload of 6 Kg at a maximum TCP velocity of 2 m/sec, hence their application is limited
to pick and place small components or non-contact tasks. The robots are mounted on thin
steel plates which in turn are mounted on a custom-made aluminum structure. To avoid
any unwarranted vibration during motion, the steel plates are diagonally reinforced from
underneath. One of the major advantages of such a structure, is eliminating the need for
re-calibration of the whole test-rig during transport. Mechanical stoppage are mounted
on the first and second axes of the robots on both sides limit the motors’ motion. This is
supplemented by software limit switches to decrease their workspace.

7.2.2 Sensors

For force sensing and monitoring, two FTS supplied from SCHUNK are utilized. They
are designated as FTC-50-80, where FTC stands for Force-Torque-Compliant (ScHUNK
2011). They are capable of measuring the forces and torques in 3 translational and 3
rotational DOF. Their compliant nature comes from their internal design, where springs
are used to measure the loading while elastically deforming (up to 1.0 mm and 1.4° in all
translational and rotational directions respectively). Thus they are adequate for executing
constrained tasks such as assembly. For convenience, the sensors are mounted such that
their coordinate system corresponds to the coordinate system of the robots” TCP. Therefore,
simplifying the conversion from one coordinate system to the other. The maximum force
that could be measured in all directions is around 300 N. On the other hand the maximum
torques in the lateral directions is 7 Nm, and in the perpendicular direction is 15 Nm.
An internal controller converts the analogue signal to a digital one and sends it over a
CAN-bus' with a Baud rate of up to 1 MBaud.

!Controller Area Network according to the ISO 11898:2003 standard
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Figure 7.1: The experimental test-rig
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7.2.3 Task-level peripheries

Two pneumatic two-finger grippers from SCHUNK are mounted on the robots’ TCP.
They are actuated by a 24 Volt relay controlled by digital relay card from QUANCOM
USBRELS (QUANCOM InrormatiONssYsTEME GMBH 2011a) connected to the PC running
the software environment with a USB connection. Since the digital I/O are independent
of any bandwidth control, it was safe to override the RTP and connect it directly to the
software environment. The grippers were assigned dedicated boolean signals from the
environment and accordingly mapped to the signal matrix.

7.2.4 Real-time platform

In this set-up, the real-time platform (RTP) consists of a PC running Microsoft Windows
for developing all high bandwidth control algorithms and a PC running the RTOS QNX
(QNX Sorrware Systems 2011) for code execution and communication with hardware
actuators and sensors. The arrangement in this work is similar to an Hardware-In-the-
Loop configurations commonly utilized for testing and validating control algorithms
in automotive applications (SANvVIDO 2002)(NIEDERMAYR 2005)(PRETSCHNER ET AL. 2007).
On the first PC (control development) control algorithms and other functionalities are
developed on Matlab-Simulink (MaraWorks 2011) in tandem with RT-LAB (OPAL-RT
Tecanoroaies Inc. 2011). RT-LAB is a third party software which ensures smooth and
quick deployment of a RTP in HIL arrangements as well as rapid prototyping of real-time
control algorithms. It is installed on Matlab-Simulink and interacts directly with the
Real-Time Workshop toolbox. Upon completion of the model design phase, it generates
C/C++ code corresponding to the model which is subsequently modified by RT-LAB to
suit the RTOS and is downloaded on the target platform running QNX . A daemon? running
on the RTP receives the code and compiles it. To start execution, the operator remotely
executes and monitors the code on the target platform using remote access tools built in
RT-LAB .

7.3 Communication architecture

A detailed description of the communication architecture is shown in Figure 7.2. The RTP
represents the central communications hub (Component 5). Given that the robot interface
(termed RSI and will be discussed in section 7.3.1) dictates a client-server communication
model, where the robot controllers are the clients and the external controller is the server,
it was decided upon to centralize the model. Thus the RTP serves as the server side, while
all other devices communicating with it are clients. In order to guarantee the connection
constraints imposed by the RSI interface and the bandwidth constraints imposed by the
TCP/IP protocol, each robot (Component 1 and 3) is assigned a dedicated ethernet card

2 A background process
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on the RTP. Another ethernet card is used to communicate with a central ethernet switch
(Component 8) which is connected to all the other PCs in the system (Component 6 and
7). A PC CAN-bus card with two ports is used to communicate with the FTS mounted
on each robot (Component 2 and 4). The simulation environment running on a PC
(Component 7) communicates with the RTP using the UDP/IP protocol via the ethernet
switch (Component 8).
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Figure 7.2: Communication architecture
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7.3.1 Robot interface

The robots are outfitted with I/O cards to allow direct access to the positional controller
in real-time. A vendor-specific interface termed KUKA Ethernet RSI (Remote Sensor
Interface) communicates internally with the controller’s hardware and externally with
the real-time platform through an ethernet connection. This external connection is based
on an XML data structure® which has to be exchanged between the robot controller and
the external platform in less 12 ms which represents the communication cycle time. As
shown in Figure 7.3 the cycle starts when the external controller sending a data structure
containing the reference data to the robot controller. These values could either be correction
values for the posture or the correction values for the joint angles. Since these values have
to be sent, processed and received in a specific time interval, they could be considered as
velocity commands. Given that the RSI interface uses the TCP/IP protocol, it is guaranteed
that the packets sent are received on the other end. In addition to those reference values, a
variable integer value (IPOC) is also sent to the robot which denotes the number of the
internal processing cycle in the robot. During 4 ms from the start of the cycle, the structure
has to be completely received by the robot (x to x+4). If the sending operation was
successful, the robot processes those correction values and drives the motors to execute
the required motion in the second phase i.e. the second 4 ms period. Subsequently, the
robot increments the IPOC variable and according to the users settings sends it back in
another XML data structure containing the actual posture and joint angle values in the
last 4 ms. Hence, the total cycle time amounts to 12 ms. Any delay in any one of the 4
ms phases immediately causes the connection to be terminated. As the IPOC variable
represents a type of hand-shake protocol, a false or delayed data structure would also
cause the interface to terminate the connection due to corrupt data. Although the latter
data exchange mechanism uses the normal TCP/IP protocol, the connection could safely
be considered real-time, given the nature of the time constraints and the [IPOC handshake
technique already described.

7.3.2 Asynchronous communication

According to timing between two communicating nodes, two categories of transmission
could be distinguished; synchronous and asynchronous (StaLrings 2006, P. 182). In
synchronous communication the two nodes send and receive data at the same rate and
in theory are perfectly harmonious, while in asynchronous communication the rate is
different (Bates & GRrREGORrY 2006, P. 256). Connecting different hardware devices to each
other will usually result in asynchronous data exchange. Variable time latencies occur
between the different components whether they are software or hardware. Those latencies

3This is independent from the XML data structures used in defining the software environment
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Figure 7.3: Phases in an RSI communication cycle

depend on the type, speed and underlying communication protocols of the connections.
Most of the ethernet connections to the RTP were asynchronous due to:

e the variant nature of devices connected to the RTP, hence each device has its own
sample time and bandwidth requirements as given in table 7.1.

o the unconstrained nature of the ethernet connection and its underlying protocols i.e.
no time constraints apart from the bandwidth of the infrastructure

A common mechanism for implementing interprocess communication on an RTOS makes
use of the shared memory principle (QNX SorrwaRE SysTEms 2011)(STEVENS 1999, P.
303-305). This mechanism is inherently suited for asynchronous communication due to
its independence from time constraints (THE OPEN GrouP 1997).

Device Bus Freq. (Hz)
Real-time platform Real-time control loop 250
Force/torque sensor CAN-bus 500
Software environment  Ethernet (UDP/IP) 100
Robot RSI-interface Ethernet(TCP/IP) 83

Table 7.1: Sample rates in the control loop
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7.3.3 Data Transfer Rate

One of the main issues encountered while designing complex robotic systems is the
data transfer rate through communication buses. Aside from the CAN-bus connection
between the FTS and the RTP, ethernet is used to connect most components with each
other. As already discussed in section 7.2.1 the connection between the robots and the
RTP is dictated by vendor specific time and data constraints. Furthermore, the connection
between the algorithm development PC and the RTP is only functional during design
time and not during runtime as already covered in section 7.2.4. Based on the latter facts
the only connection not dictated by hardware constraints lies between the RTP and the
simulation environment, which is of paramount importance during run-time. Owing to
the high-level control role the software environment plays in run-time, data flow must be
ensured at all times. Although an ASCII-based XML structure for data representation
was contemplated, it was bypassed for the more communication-efficient binary-based
representation. The data transfer rate could be readily determined by analyzing the signals
transferred between the components. According to Figure 7.4, the signals sent from the
RTP to the software environment need a total of 200 bytes , while those flowing the way
other way round need 104 bytes .
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Figure 7.4: Signal architecture
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Additionally the UDP and IP protocol headers require 8 and 20 bytes respectively and
also an additional number of bytes from the physical layer (PosteL 1980)(PosteL 1981).
This brings the total to about 400 bytes in both directions. Thus the size of the packet is
approximately 2000 bits in each direction. To ensure that the robot actuation loop (i.e. the
Robot RSI-interface in Table 7.1) runs smoothly, the above amount of information has to
be exchanged with a minimum of 83 Hz (12 ms). Hence, the maximum data rate would be
2000 Bits X 83 = 166 Kbit/sec, which is clearly under the allowable rate of the underlying
ethernet infrastructure (around 1 Mbit/sec). A UDP send/receive test between the RTP
and the simulation environment showed that for the simulation environment to run at the
same rate of the real-time control loop (compare Table 7.1), a maximum time latency of
4.55 ms and an average of 2.44 ms is to be expected.

7.4 Summary

In this chapter, an experimental test-rig implementing the work-piece based approach was
presented. The emphasis was on the two remaining component classes in the framework,
namely the device components and the communication architecture. A robot platform
consists of two industrial robots fitted with sensors and grippers on their respective TCP
was built. A real-time platform was utilized to execute all real-time functionalities in the
control architecture. The communication architecture consists of several different bus
connections according to the available hardware and interfaces. The experimental test-rig
proved capable of handling the data exchanged between the different components, hereby
fulfilling the required flexibility and functionality of the proposed approach.
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8 Assessment

An ounce of practice is worth more than tons of
preaching

ManarMa GANDHI

8.1 Overview

In this chapter the implementation of the WPBA on an industrial test-rig will be assessed
from technical and economical point of views. The validity of the proposed approach will
be highlighted by several experiments outlining its capabilities. Subsequently a qualitative
assessment based on evaluating the approach w.r.t. production-specific, programming
specific and robot-specific criteria is introduced. Finally, a business case is made for
deployment of the approach for CIR through an economical case study.

8.2 Experimental validation

Beside spraying and welding, material handling is considered one of the major applica-
tions of robotic-based production. This not only includes the classical class of pick and
place operations, but extends to include assembly and mounting operations. Given their
importance to industrial production, these classes of applications will be represented in
the experiments through three programming methods for three different cooperative tasks.
Each task serves to highlight a certain aspect of the proposed approach and hence its
applicability for a wide range of cooperative tasks with different programming paradigms
(Table 8.1).

Exp. Programming technique Feature

1 On-line intuitive human robot interaction
2 Off-line sensor-based on-line adaptation
3 Autonomous intelligent event-based control

Table 8.1: Basic programming technique and features of each experiment

The first experiment is derived from the traditional lead-through on-line programming
technique by allowing the programmer to manually guide both the robots and the work-
piece (refer to section 2.2.1.2). On the other hand, the second experiment utilizes force
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sensing and control to automatically adapt the code generated in an off-line simulation
environment (refer to section 2.2.2.2). The third experiment employs an event-based
controller for autonomous assembly to demonstrate the intelligent layer of the control
architecture discussed in section 5.6. Deployment of the WPBA to any cooperative tasks
entails going through three distinctive phases (Figure 8.1). The first phase is configuration,
where the programmer analyzes and defines the cooperative task (refer to section 4.2).
Based on this analysis the phases and their respective requirements can be accordingly
derived.

Configuration Programming Execution
L L A

v
Run-time
Configuration Matrix
RCM

| Process Analysis

Programmin
(Phases) ? ;

Configuration Matrix
PCM

%

-- o

r

process requirements
(force/position)

Programming paradigm

configuration matrices

programming
procedure

Figure 8.1: Experiment description overview

Process requirements are vital to specify which control structures should be activated
during the process phases and the corresponding control law parameters. These are
translated into two configuration matrices as detailed in section 6.4.4. However, these
configurations are not only determined by the process phases but are mainly influenced
by the programming paradigm which the operator dictates during configuration. In the
second phase, the robot programmer can utilize the PCM to program the task according to
the dictated programming paradigm. In order to successfully utilize this, the programmer
has to comply with a programming procedure designed by the operator and tied to the
PCM. The outcome of this phase is an instruction list i.e. a robot program, which
could be executed in the third phase by applying the RCM. Although program execution
doesn’t normally entail any human intervention, this is sometimes necessary during
execution. Hence an execution procedure similar to that of programming could be designed
specifically for such cases.
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8.2.1 Hand-guided programming

8.2.1.1 Overview

One of the most popular on-line programming methods as outlined in section 2.2.1.2
provides the user with the ability to manually guide the robot through the required path.
Nowadays this is considered a subset of an increasing tendency towards safer and easier
human-robot interaction (KRUGER ET AL. 2009)(ARrAI ET AL. 2010). Furthermore, by com-
bining the intelligence of the human with the sophistication and accuracy of the machine
this method can be utilized for intelligent assist systems (KRUGER ET AL. 2006)(KRUGER &
SurbpiLovic 2008). By utilizing the readings of an FT'S mounted between the robot and
the gripper, the robot can easily be jogged from its TCP through the task space (SCHRAFT
& MEyER 2006). Another variant of the scheme allows manual movement of the robots’
joints by utilizing the readings of motor currents at each joint (WiNkLER 2006, P. 113-115).
This however depends on the availability of an interface for the motor currents. In this
experiment, the first variant utilizing FTS will be investigated in the work-piece based
context on a simple pick and place task. Hence, the programmer moves each robot sepa-
rately until the work-piece is gripped. Subsequently, a switch to work-piece space allows
the programmer to move the work-piece. The PCM was configured to map the required
functionalities to the buttons on the WiiMot as shown in Figure 8.2.

stop recording accommodation control
work-piece

open/close gripper 1 accommodation control
Robot 1

@

M

O)

O)

5
Lb.r

accommodation control

open/close gripper 2
pen/ gripp Robot 2

start recording Tift phase

Figure 8.2: Mapping different control functionalities to the WiiMot

8.2.1.2 Programming procedure

In order to program a task by hand-guiding the robots and work-piece, the programmer
has to execute the following steps (Figure 8.3 & 8.4):

1. Start recording (plus button)
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2. Move the first robot until it reaches its gripping position (left arrow)
3. Grip the work-piece with the first robot (button 1)
4. Move the second robot until it reaches its gripping position (right arrow)
5. Grip the work-piece with the second robot (button 2)
6. Activate lift mode for 2-4 seconds (button A)
7. Trigger the gravity compensation (button B)
8. Start moving the work-piece to its target location (up arrow)
9. When the work-piece reaches its target position release the robots grip (button 1,2)
10. Activate lift mode for 2-4 seconds (button A)
11. Trigger the gravity compensation (button B)
12. Move the first robot until it reaches its park position (left arrow)
13. Move the second robot until it reaches its park position (right arrow)

14. Stop recording (plus button)

8.2.1.3 Experiments

After the programmer receives instructions to the different functionalities triggered by the
buttons on the WiiMot and to the steps in the programming procedure, he is allowed to
program a simple pick and place task. The choice of task is representative of several other
tasks common with CIR, for instance load sharing or load transport. Programming lasted
on average about 1 min, which is the time of the task itself. To compare it to conventional
programming, the functionalities inherent to a teach-pendant was emulated in the software
environment. Programming using this technique lasted on average about 2.5 times longer
as the hand-guided method. However, it has to be noted here that programming time
depends heavily on the complexity of the given task. During execution the recorded data
(positions, triggers etc.) are played back, either with the same speed or by increasing the
speed of execution. If it is desired that forces during execution be minimized, force control
could be activated during certain phases by adjusting the RCM.
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Figure 8.3: Hand guided programming sequence: Part 1
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Figure 8.4: Hand guided programming sequence: Part 2
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8.2.2 Off-line simulation

8.2.2.1 Overview

The second class of robot programming techniques common in industrial practice is
off-line simulation and programming. However, as already mentioned in section 2.2.2
this technique is considered cost intensive given the fact that discrepancies between the
simulation and real-world have to be compensated for. Mostly, this is manually executed
on the work-cell directly. Other approaches have advocated using sensors or calibration
devices to minimize these differences. In this experiment the FTS will be utilized to
automatically adapt the behavior of the program during execution on a pick and place
task similar to the first experiment. After the task is simulated and code for the robots is
automatically generated from the software environment, different force controllers (single
robot and/or work-piece) are activated according to the phase requirements. Accordingly,
manual calibration and compensation is no more deemed necessary.

8.2.2.2 Programming procedure

Before starting, extra care has to be taken to calibrate the virtual environment w.r.t. to the
real world, thereby attempting to attain a near perfect virtual model of the real world in the
software environment. This could be done by manually measuring the different coordinate
systems in the real world w.r.t. each other. For instance, the distance and rotation of
both robots relative to each other is important to determine whether the virtual coordinate
systems are accurate or not. In this case, the programming procedure looks as follows:

1. Model the real world in the software environment using the 3D-models available
from the manufacturer

. Model the joints of all manipulators according to their kinematic relations
. Model all additional motors and moving objects

. Calibrate the virtual world w.r.t. the real world

. Define 6 task phases: approach, grasp, lift, transport, release, withdraw

. Define the motion and force requirement of each phase

. Simulate the movements of the robots and the work-piece in each phase

. Simulate process-specific actions, for instance gripper control

N R e Y, B - VS I ]

. Record the movements in all phases

—_
=]

. Simulate the whole process in the simulation environment

—_
—_

. Configure the RCM to activate certain control structures during execution
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12. Connect to the real robots and execute the program

8.2.2.3 Experiments

The experiment investigated with this approach is very similar to section 8.2.1. Despite
very careful calibration between the software environment and the real world, forces
arose on the work-piece. This is seen in Figure 8.5, which illustrates the magnitude of
calibrated! forces on the work-piece during the six phases of the task during two runs. In
the first run (the dotted line) the movements simulated in the the simulation environment
were directly executed on the robots. While in the second run, the RCM was adjusted to
activate interaction control during the /ift and transport phase. However, the reduction
of forces on the work-piece caused a shift in the absolute work-piece trajectory during
movement. The maximum divergence was calculated to be approximately 4 mm measured
from the work-piece’s center of gravity. Therefore, forces arising due to discrepancies are
controlled albeit affecting the quality of the work-piece path. Such a consequence has to
be accounted for from the beginning of the process by allowing the programmer to define
maximum force limits and maximum trajectory deviations in the phase requirements.
These requirements are later achieved by choosing suitable control parameters to keep
them within the given limits.
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Figure 8.5: Force amplitudes with and without sensor-based adaptation of off-line
programming

!without gravitational forces
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8.2.3 Autonomous assembly

8.2.3.1 Overview

Assembly has been one of two main application domains for interaction research in
robotics, the other being machining (refer to section 2.3.5). Several researchers developed
control approaches and experimental test-rigs to investigate assembly with CIR. Despite
early experiments in the field of high-level cooperative manipulation (SCHNEIDER & CANNON
1993)(ScHNEIDER & CannNoN 1992), most subsequent research concentrated on planning
methods and validity of control schemes for dual-arm robots (Nor & Rajan 1993)(Sur-
piLovic ET AL. 2001). Furthermore the programming aspect in most research efforts was
largely ignored. In this section, assembly of a peg-in-hole task will be investigated given
its representative status for a wide range of assembly tasks. The method used here is
based on the work done by (NEwmaN ET AL. 2001)(NEwMmaNn & WEr 2002) albeit for single
robotic manipulators. By extending their work in the context of the WPBA, assembly with
CIR could be readily achieved. Different process phases are mapped into states which
are subsequently realized as a state-based controller. Internally, the states are time-based
components which are triggered according to predefined conditions. A common condition
would be for instance one that forces in specific directions to reach certain thresholds.
Another condition would be that a trajectory has finished execution. In a control sense this
corresponds to the high-level control layer and the intelligent layer discussed in section
5.6. Thus the state-controller replaces the human programmer as the intelligent entity
responsible for decision making based on the given task requirements.

8.2.3.2 Programming procedure
The four states required for an autonomous assembly task are described as follows:

1. Inclination: Position control is switched on to record the absolute inclination of
the work-piece relative to the mounting surface. If the two surfaces are nearly
parallel, an artificial inclination is executed. This is deemed necessary to prevent
the tip of the work-piece from making large area contact with the surface resulting
in intangible forces for the controller.

2. Surface detection: To force the robots to move in a downward movement, the
reference force superimposed on the impedance controller is set to an arbitrary
value in the negative z-direction (refer to section 5.3). This forces the robot to move
in a downward movement until resistance is encountered i.e. the mounting surface
is found. Hereby the surface position is recorded as a reference and passed to the
next states. Consequently, these conditions trigger the next state.

3. Hole search: A spiral search function is utilized to search for the hole (GULDNER
ET AL. 2003). To guarantee that the work-piece stays in contact with the mounting
surface at all times, the reference force utilized in the latter state is kept on, albeit
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with a reduced value. It simulates a downward pull on the work-piece w.r.t. the
surface and thus maintains the contact between them while guaranteeing a stable
contact behavior. The condition for ending this state depends on the difference
between the actual work-piece position and the reference surface position. Once the
peg sinks into the hole this difference exceeds a certain limit and triggers the next
state.

4. Insertion: This state starts by changing the impedance parameters into pure damp-
ing while simultaneously executing a reverse inclination using the value from the
first state. Two conditions can be used in tandem to terminate this state and with it
the whole task. The first depends on a reverse force when the peg hits the bottom of
the hole. While the second depends on the length of insertion if defined in advance.

During each state, the interaction controller is fully parameterized in all directions. This
amounts to 18 parameters for the impedance controller and 6 parameters for the force
controller (refer to section 5.3). Jumping between states entails fulfilling the trigger
conditions between the states and therefore changing the interaction parameters through
the mechanism discussed in section 6.4.3.

8.2.3.3 Experiments

The latter procedure was executed using 5 different initial positions (Figure 8.6). In 4 out
of 5 runs the task was successfully completed while for the remainder, the hole was not
found. This however was attributed to the fact that the search algorithm i.e. the spiral
trajectory, is valid only for a definite range of initial positions. Hence, the search result
is a function of both the search parameters and the initial position. Another observation
was the time of successful completion. Naturally, the farther away the initial position was
w.r.t. the hole position the longer it took to successfully complete the task as shown in
the correlation between distance and time in Table 8.2. This is also directly related to
the number of spiral turns required to find the hole. Given the reduced bandwidth of the
control loop due to its dependence on positional interface on industrial robots, the velocity
during all phases was reduced. This, in turn, contributed to the prolonged time needed for
each trial.

Run Time [sec] Distance [mm] Spiral turns

1 34.5 79.5 55
2 28.4 55.8 4.5
3 25.1 41.3 3.5
4 21.5 29.8 2.5

Table 8.2: Four runs of the autonomous assembly experiment with different initial positions
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Figure 8.6: The states during an autonomous assembly process
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8.3 Qualitative assessment

A single method to technically assess the proposed programming approach would be mis-
leading given its interdisciplinary scope. Hence, it is beneficial to consider the assessment
in light of application-specific criteria. The discussion here will be based on the basic
criteria outlined in EiGNER & STELZER (2004) and in for assessing computer aided methods
(CAXx) in manufacturing systems; namely time, quality, reuse/expandability synergy and
additionally acceptance as i (Rasumy 2008). These will be correspondingly extended to
incorporate other aspects pertaining to this specific approach and its technical nature. The
criteria will be clustered in the following groups:

e Production-specific criteria: flexibility, reliability and quality
e Programming-specific criteria: time, user interaction and acceptance
e Robot-specific criteria: maintenance, reuse/expandability and compatibility

Figure 8.7 summarizes the latter criteria in a graphical form. The conventional approach is
illustrated as the standard form, while each criteria for the proposed approach is illustrated
above or under this form, denoting an improvement or degradation of the corresponding
criteria respectively.

Flexibility The WPBA increases the operation’s flexibility in two ways. The first is
the enhanced capability of the system to be easily reconfigured and repro-
grammed, thereby quickly adopting to changes dictated by the product. The
second utilizes sensor-based operation to react to disturbances appearing
during execution. Consequently, the latter aspects compound together to
increase the bandwidth of possible applications and their corresponding
tasks.

Reliability

Sensor-based operation introduces uncertainty in the process, which might
very well lead to work-cell downtime and hence decrease reliability. This
could be partially attributed to the sensors themselves. Additionally the
interaction of sensors and control algorithms to produce positional offsets
results in unpredictable performance if the output is not bounded in advance
which necessitates rigorous testing before deployment. Furthermore, external
communication and non-standard interfaces could result in errors aversely
affecting the overall system reliability.

Quality Any tightly coupled CIR task has two conflicting aspects; trajectory accuracy
and stress loading. In reality these aspects reflect the force/position dilemma
discussed in section 2.6.1 along with the quality of the process/task. Con-
trolling the stress loading on the robots and the work-piece entails affecting
the trajectory. Whether this adversely affects the accuracy or not depends on
the process requirements and correspondingly its quality analyzed in section
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Time

4.2. However, the approach facilitates control of both simultaneously or
separately and hence increases the likelihood of success w.r.t. given process
requirements.

As mentioned in section 2.2.1, on-line programming contributes to decreased
downtime of the system given the non-productive state of the system while
programming. The WPBA facilitates oft-line programming with on-line
adaptation, hence the need for a real work-cell is diminished. This is directly
translated into less downtime if the programming and testing takes place
on an active production line. An additional advantage thereof is the ability
to train personal or experiment with different scenarios without actually
needing a real work-cell.
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Figure 8.7: A qualitative comparison of the technical assessment

User interaction

The approach inherently reduces the skill set requirements from an operator
and hence enhances the user interaction experience while requiring little
technical expertise. By moving the programming task to the work-piece
space i.e. the object space of the robots, the user avoids complexities of the
separate manipulators. Additionally, the ability to utilize simple input devices
such as joysticks to control the movement of the robots and/or the work-piece
tremendously simplifies the user interaction. Certain functionalities can be
activated by mapping them to buttons on those devices. While feedback to
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Acceptance

the operator can be conveyed with visual or force feedback signals, hereby
enriching the interaction experience.

Introduction of any new approach or technical system in a production facility
requires acceptance on both the management and operational level. Given
the complicated nature of the approach and its wide range of utilization,
acceptance on the management level is expected to be initially conservative.
On an operational level reluctance to learn a new system which might incur
an extra learning curve adversely affects initial productivity gains. The
approach however advocates intuitiveness and user-friendliness and therefore
acceptance on both levels is expected to be quicker than for comparable
industrial machines.

Maintenance

The high degree of integration between the components represents a headache
in terms of maintenance. This is exacerbated by the fact that low-level inte-
gration between different hardware and software components geared toward
user-friendly functionality makes the underlying design fairly complicated.
Furthermore, recalibration and testing are absolutely necessary after any
maintenance operation whether on specific components or on the whole
system. The latter reasons render maintenance a very delicate and complex
operation.

Reuse/expandability

Porting the approach to new hardware involves delicate re-calibration of
sensors. This could sometimes be troublesome given the highly intercon-
nected nature of any technical realization of the approach, as evident by
the complexity of the test-rig in chapter 7. Regarding expandability, the
WPBA was specifically designed to address the issue of programing CIR
independent of the number of robots involved in the operation by moving
the focus of programming from the process enablers i.e. robots to the task
i.e. the work-piece. This renders the approach scalable for a theoretically
infinite number of robots, irregardless of their kinematic structure.

Compatibility

126

Although interfaces are to a great extent standardized, low-level function-
alities such as external real-time control are only available through vendor-
specific interfaces. Additionally, control performance is mainly dictated
by the type and bandwidth of both components and interfaces. This is fur-
ther complicated by the fact that robots from different manufacturers have
different programming languages, which raises significant issue relating to
compatibility when the approach is ported from one work-cell to another.
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8.4 Economic assessment

The aim here is to quantify the economical or financial gains expected if the proposed
approach is applied. This benefit is usually determined by comparing two technical
systems offering the same functionality (VoL 2009)(Munzert 2009). Furthermore the
efficiency and success rate of the task on both systems has to be almost identical if not
the same. Notwithstanding the latter aspects, several other factors play a significant
role in determining the financial gains. First and foremost is the type of the application
under investigation, which in turn defines the process and its requirements. This not only
entails profound knowledge of the application but also and experienced insight into the
application domain and its interconnections with other processes. The resultant product
and its variants represent the second major factor. If batch sizes and production time
are known, the frequency of (re)programming and therefore the costs linked to it can
be accurately estimated. Although the question posed here is how do we economically
evaluate the work-piece based programming method? it would be more beneficial to
consider it in a greater context by asking is applying CIR with the WPBA tied to specific
economical gains?. By considering the latter question, the former is implicitly answered.
As a result, three scenarios for economical evaluation could be envisioned here:

1. Replacement Scenario: In this scenario static jigs and fixtures are replaced with
CIR. Hence, the assessment here is of two completely different systems.

2. Upgrade Scenario 1: In this scenario, one or more robots are added to a robotic
work-cell and subsequently allowing them to function in a cooperative manner.

3. Upgrade Scenario 2: In this scenario, force control is integrated in an existing CIR
and subsequently upgrading it to implement the WPBA.

An intricate relation runs through the three scenarios. They actually represent the chain
of evolution of any CIR deployment. As already noted in Chapter 1, CIR are mainly
utilized as flexible jigs and fixtures. Hence, the first scenario explores the financial benefit
when the case for industrial robots or even CIR instead of static jigs is made. In the
second scenario, industrial robots are utilized but reaches its limits regarding loading and
dexterous manipulation which in turn makes the case for CIR. And finally, the last scenario
takes the CIR deployment to the last step by applying the WPBA. An application-oriented
assessment would compare the gains between the initial situation of the first scenario
(static jigs and fixtures) and solution in the last scenario (CIR with the WPBA). This
however doesn’t isolate the effect of applying the WPBA, and hence the calculation here
will be limited to the third scenario.

In this scenario an existing CIR system will be upgraded to utilize the WPBA. An upgrade
starts by purchasing all the devices and components -whether they are hardware or software-
for the required operation. As dictated in Table 8.3, these fall under the investment costs
category. It is noteworthy to point out that some components such as software have to be
custom built compared to other components that could be directly purchased.
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Annual costs comprise of calculating depreciation and maintenance costs incurred
throughout a year. While depreciation and imputed interest are calculated according
to a fairly standard formula, maintenance is assumed to cost 6000 €/yr. The benefit
calculation commences with the following assumptions:

e A CIR programmer costs on average 100 €/hr (Vocr 2009). To (re-)program the
required tasks, he is hired for a total of 250 hr/yr.

e Time saved by the programmer when utilizing the WPBA amounts to 45% of the
total programming time.

INVESTMENT COSTS

Component Number Part Costin€ Costin€ Com.

FTS 2 5000 10000 -

RTP 1 2500 2500 -

Software 1 10000 10000 Custom

PC 1 2000 2000 -

Input devices 2 250 500 Low cost

Total 25000 -

ANNUAL CosTs

Expense Calculation Value Unit Com.

Investment - 25000 € -

Service life T 5 yr -

Depreciation DC=1]T 5000 €/yr -

Interest 1=0.091/2 1125 €/yr 9%/ rate

Maintenance M 6000 €/yr -

Total AC=D+I1+M 12125 €/yr -
BENEFIT CALCULATION

Expense Calculation Value Unit Com.

Programmer P 100 €/hr -

Time saved (%) Tp 45 % -

Time saved (hr) Ts=(1/1-Tp)—-1 0.82 hr -

Usage U 250 hr/yr -

Cost benefit BC = PTs.U 20455 €/yr -

Payback 1/(BC — AC + DC) 1.87 yr -

period

Table 8.3: Details of a benefit calculation based on the third scenario
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The latter assumptions are translated to an annual financial benefit of 20,455 €. Hence the
payback period amounts to 1.87 years. This however is only an example of the cost benefit
expected from utilizing the approach. A more detailed and representative calculation
should take several other factors into consideration. For instance how complicated is
the given task in terms of motion and force requirements? Is the task planned for batch
production or small size lots? This would result in a very good estimate of the frequency of
reprogramming i.e. the yearly usage and therefore the economical benefit. Additionally, it
is imperative to determine whether a specialized robot programmer (for CIR) is required?
or is it possible that a normal robot programmer do the job?. Such factors constitute the
backbone of any benefit calculation and significantly influence the decision whether or not
to apply the WPBA.

8.5 Programming, sensors and intelligent robots - The big picture

Industrial robots are known for their flexibility compared to other manufacturing machines.
This potential however was restricted by the class of tasks envisioned for them from the
start. By limiting their application domain to spray painting and welding, which require
accurate positional capabilities, their full potential as a human replacement in many other
tasks was not realized. The historical development of industrial class robots set the stage
for the current situation of industrial robots in production facilities. One of the main
factors playing a role in said development was the fact that they were only affordable
for companies producing large volumes (BiLao ET AL. 2005). However, the constraints
on the development and deployment of industrial robots are beginning to fade, primarily
due to two reasons; the decreasing costs of robots (compared to human workers) and
the increasing demand on customized products . These factors play an implicit role in
the trends sweeping the robotics research nowadays. Decreasing costs -of automation in
general while increased costs of manual work,- render robots more attractive for a new
segment of production facilities which was not conceivable a decade ago (INTERNATIONAL
FEDERATION OF RoBorTics - IFR StatisticaL DeEpARTMENT 2009). Additionally, the fact that
they will be utilized to replace manual work is forcing the manufacturers to develop smaller,
more compact and safe robots, in order to allow for direct human-robot collaboration
(KrUGER & SurbpiLovic 2008)(KRUGER ET AL. 2009). The second factor outlines a major
challenge facing production engineering worldwide. Customers hungry for tailored
products are increasingly pushing the boundaries of production lines and their capability
to manage the accompanying complexity (ScHOLZREITER & Frerrag 2007). Despite these
factors, the gap between what is currently needed and what is available w.r.t. deployment of
robot-based production lines, has yet to decrease. By providing simpler user interfaces and
hence enhanced programming capabilities this gap could definitely be bridged. However,
it is the author’s view that the interfaces should not be limited to over-designed GUI or to
abstracting a limited number of functionalities to an input device. But rather, the designers
should -in a holistic view- reconsider the hardware and software components and their
interactions together. In other words, reevaluating their basic approach to industrial robots
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as pure positional machines or as enablers of mechanical tasks. This way, designers can
tightly integrate different sensors in simple and reliable ways to increase the bandwidth
of possible tasks. Additionally, this would allow a sensor to be utilized in different
capacities during programming and operation. For instance, a camera can be used during
programming to acquire the shape of the object, while during operation to detect the
existence of the same object in a given area. Furthermore, enhanced sensoric capacity
also means implicitly increasing the robots ability to interact to uncertain conditions
during execution in a feel-reason-act loop (Caccavatk ET AL. 2005). Such a development
would lead to blurring the line between programming and operation while providing the
robots with self-optimization capabilities and more independence. By extrapolating this
development path, intelligence is eventually achieved by creating robotic systems capable
of reacting in an autonomous and flexible manner to continuously changing environmental
conditions? (GAUSEMEIER 2005)(GAUSEMEIER ET AL. 2009). What the author advocates here
is attaining intelligence through an incremental approach which takes into consideration
the complexities of standardized interfaces and operation procedures in manufacturing
facilities and not by attempting to achieve intelligent robots with one step. Despite that the
approach and the test-rig developed in this thesis pertain to a certain class of robot tasks
(tightly coupled CIR), the discussion here formed the spirit of the research done in this
work.

2This can be also termed self-optimizing mechatronic systems
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9 Conclusion

Real knowledge is to know the extent of one’s
ignorance

CoNFuCIUS

Summary

Cooperative robotic manipulation represents the path to attain human-like manipulation
capabilities, for instance superior load sharing ability and increased dexterity. Such
capabilities are realized in industrial practices by replacing static jigs and fixtures with co-
operating industrial robots that share a common work-piece. Consequently, this translates
into direct gains in productivity by investing less in more compact systems, streamlining
material flow through the work-cell and overall building more flexible production systems.
However, cooperating industrial robots face tremendous issues regarding application and
deployment. These mainly stem from general issues pertaining to industrial robots, but
are also compounded with issues specific to cooperative manipulation and its intricate
technicalities. A detailed analysis of scientific research in this field and commercial
solutions on the market have revealed the inherent flaws in their design and operation
namely; lack of integrated interaction control, lack of intuitive programming techniques
and inflexible system architectures. Based on the latter discussion, the objective of the
thesis was to investigate an approach for simplified programming of cooperating industrial
robots. The approach encompasses a methodology to define and satisty practical task
objectives formulated in the work-piece space by imparting to the programmer full control
of the work-piece. This includes spatial positioning of the work-piece and stress loading
on the work-piece during all phases of a cooperative task which was accordingly termed
the work-piece based approach. In order to achieve such functionality, a conceptual frame-
work for programming cooperating industrial robots was developed and subsequently
realized on an experimental test-rig. The framework employs classical control concepts
in an encompassing control architecture combined with a flexible software environment
facilitating a powerful and versatile architecture, which in turn offers the programmer
numerous programming paradigms. Hence, one might say that the front-end of this story
is simplifying programming of cooperating industrial robots by giving the operator full
control of the work-piece during all phases of a cooperative task. While the back-end
is one of tightly integrating force control in programming and operation of cooperating
industrial robots through designing and implementing a flexible cooperative architecture.
The technical realization of two components of the framework, namely the control module
and the software module, constitute the backbone of the thesis. The control module builds
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upon common control practices in cooperative manipulation. Armed with such knowledge
a multi-layered control architecture is proposed. In the undermost level, functionalities
with real-time constraints are implemented. Taking into consideration the geographical
location of its respective constituents, local (for single manipulators) and global (for the
work-piece) control loops have been built to cater for the task’s needs. These loops contain
fully parameterized interaction controllers utilizing a force-augmented impedance scheme,
which is additionally superimposed on the position control. Moreover, functionalities
required for the different phases are triggered from the high-level control layer by utilizing
real-time components through two mechanisms working in tandem: signal rerouting
and interaction controller parameterization. These result in control structures, which are
time-dependent arrangements of blocks attaining certain control behaviors according to
the imposed requirements. The software module is represented by a software environment
specifically designed and developed to fulfill predefined requirements. Hereby enabling
the human operator to take more than one role during all phases of manufacturing. As a
production planner, the operator simulates and tests the work-cell in the virtual world. As a
robot programmer, he is capable of applying different programming paradigms to generate
code and validate the operation on the real work-cell. And finally as a work-cell operator,
he can monitor the safety and reliability of operation during runtime. The environment is
characterized by its flexibility which is attributed to several features. Chief among them
is the capability of simultaneous graphical, physical and haptic simulation. Additionally,
a comprehensive signal switching mechanism allows the operator access to all signals
in the system and hence guarantees a transparent information flow. To assist the human-
machine interface, several devices are integrated for simple and intuitive interaction and
programming. To validate the approach, three cooperative manipulation scenarios were in-
vestigated, each one of them employing a different programming paradigm. The scenarios
cover on-line, off-line programming and additionally autonomous programming. Hereby
validating the versatility of the proposed method and hence its applicability for a wide
range of cooperative tasks. Compared to conventional CIR systems, the approach promises
reduced programming time and safer operation. Additionally, it fits and complements the
major trends advocated in modern production facilities towards developing flexible and
reconfigurable machines.

Contributions
The contributions of this research work can be summarized as follows:

1. Developing a programming approach for tightly coupled cooperating industrial
robots based on imparting to the programmer full control of the work-piece during
all phases of a cooperative task. Basically, this allows the programmer to shift his
focus from programming the robots to focusing on programming the work-piece.
This in turn simplifies the programming effort.

2. Developing a conceptual framework to implement the proposed approach for pro-
gramming cooperating industrial robots. This provided the ground work for its
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technical realization by incorporating all the required components within one frame-
work.

3. Designing and implementing the two main constituents of the framework, namely
the control and the software module. The control module was represented by a
multi-layered control architecture and the software module by a flexible software
environment.

4. Developing an experimental test-rig featuring a flexible sensor-based architecture
using the developed control and software components.

5. Experimental validation of the approach’s technical realization on three cooperative
manipulation tasks featuring three different programming paradigms. Consequently,
the experiments highlight the flexibility of the proposed approach and thereby its
applicability to a wide range of cooperative tasks utilizing different programming
paradigms

Future research

Based on the research done in this thesis, two research directions are suggested. These
are not particularly limited to CIR but are more generic in nature and cover the topic of
intuitive programming of industrial robots in general. The first is hybrid sensor-based
programming. Hybrid here alludes to several programming paradigms applied together
to program one task. Hereby exploiting the advantages of each paradigm during certain
phases while avoiding its pitfalls during other phases by utilizing another paradigm.
The second research direction is flexible sensor integration, which represents a natural
extension to the work done in this thesis to cover several other classes of sensors. Moreover,
the research should focus on reliable and safe application during both programming
and operation of a robotic work-cell, while simultaneously complying with industry
standards. These directions would greatly improve the programming experience rendering
it more user-friendly and hence reduce the learning curve and general acceptance on both
operational and management levels. Additionally, they confirm with current research trends
in developing robots which should be more responsive to humans. Consequently, they
should be capable of understanding programming instructions from multiple sources and
utilize intelligent architectures to understand and adapt their behavior. Thus, a significant
step toward fully autonomous cognitive robots could be achieved.
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