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Chapter 1

Introduction

1.1 Overview

The era of robots performing repetitive tasks in structured environments is long
gone. With increasing breakthroughs in areas such as arti cial intelligence (Al),
cloud computing, internet of things (IoT), the perspective of using robots has
changed. The current prospect of robots requires them to be safe, secure, and
robust; operate in unstructured, dynamic environments; coexist and interact with
humans. In order to achieve such advanced capabilities in our robots rapidly
and e ciently, it is essential to move away from traditional thinking of design-
ing, developing, and deploying robotic systems. The major concern with regards
to intelligent robotic system development is the lack of a framework, that can
incorporate stakeholder needs and trade-o studies with the system demands, to
perform any desired application with successful veri cation, validation, and testing
(VV&T). This is the main notion of this thesis.

Lately, industry and academia have started placing importance on modeling and
simulation before physical system development and deployment. The ability to
simulate every aspect of a robotic system such as sensors, actuators, environment
with high accuracy and detail has a major e ect on the actual physical deploy-
ment. It expedites the development life cycle and reduces the overall cost. More-
over, simulations enable exploration of design alternatives for various di erent
components of the robotic system. This approach is far superior to the traditional
ways of selecting design options via trial and error to obtain an optimal con gu-

ration. Robotic systems being complex and multidisciplinary in nature, develop-



ing accurate and detailed simulations is not an easy task. Integrating tools and
methods from various disciplines to develop simulations, rather than generating a
virtual model of the robot using a single dedicated simulation tool, is promising.
The idea of collaborative modeling and simulation provides di erent views to the
stakeholders, enhancing the decision making process towards design, development,
and deployment. It gives exibility to various teams involved in the process, to
perform independent simulations, analysis, and decision making, thereby leading
to a model-based system design and development.

The central subject of my thesis is a robot grasping system. Moravec's paradox
indicates that the seemingly easy day-to-day activities involving sensorimotor skills
are di cult and hard compared to high level reasoning and abstract thoughts, in
terms of computation and complexity. This inherently explains why the area
of robotic grasping is complicated and challenging, thereby attracting a lot of
attention in the research and industrial community. Having the right con guration

in a robotic grasping system does impact the success and e ciency of the task,
making it an important problem that cannot be overlooked. In this thesis, we
apply model-based system engineering (MBSE) principles to a robot grasping
system and nally perform trade-o studies to obtain an optimal design option

for a given task.

1.2 Literature Review

With rising complexity in system development and increasing need of cyber-
physical systems (CPS), various sectors are transitioning from traditional document-
centric systems engineering practices to MBSE approaches [1]. This has led to the
sudden popularity of MBSE tool chains that integrate modeling, simulation, and
design tools for multidisciplinary system development. Although the idea of hav-
ing tools from various backgrounds integrated seems good, it comes with major

risks in terms of cost and schedule [2]. Earlier, usage of MBSE was predominantly



found in aerospace, automotive, defense, and space industries. Lately, owing to
its complex nature and increasing capabilities, the robotics industry has started
incorporating MBSE approaches in their design and development processes. In [3],
MBSE is applied to a collaborative product-handling robot application, enabling
interface modeling and concept of reusability. However, the aspect of traceability,
involving system demands and task requirements (functional and non-functional),
was not considered in detail. A model-based approach to the design and software
aspects of robotic arm applications is introduced in [4]. Unied Modeling Lan-
guage (UML) is used for modeling of the system and task, and the framework
helps the design and software phase of the development cycle. In [5], another
model-based solution is proposed, that utilizes SysML for a software design per-
taining to robot manipulation tasks. All of the above approaches are still not
enough to enjoy the overall potential of model-based principles. SysML models,
being descriptive in nature, cannot be used as standalone artifacts for developing
and visualizing multi-disciplinary, executable simulations. Various works in the
literature have tried to overcome this disadvantage for di erent automation ap-
plications by integrating SysML with other continuous dynamics simulation tools
such as Modelica, Simulink [6], [7], [8], [9]. A collaborative design framework
involving SysML, MATLAB/Simulink, Simscape, with a focus in robotics and
nally, a simulated closed-loop system are presented in [10]. These implementa-
tions still do not cover trade-o studies and design space exploration. Trade-o
analysis in the form of a multi-criteria optimization problem related to an elec-
trical microgrid was addressed in [11], by integrating SysML and Consol-Optcad.
In [12], an MBSE framework is shown incorporating design space exploration for
micro-robots. The model integration hub involves integrating SysML, Modelica,

and Consol-Optcad.



1.3 Problem Statement

The main focus of this thesis is to develop a simulation framework for robot
grasping tasks that utilizes an MBSE tool (Cameo Systems Modeler (CSM)),
a 3D robot simulator (CoppeliaSim), and a trade-o analysis software (Gurobi
optimizer). The MBSE tool will be responsible for descriptive modeling of the
given system. The 3D robot simulator handles the multi-body physics modeling.
Finally, the trade-o analysis software extends the modeling capabilities of the
MBSE tool and the executable simulations from the 3D robot simulator to perform
design space exploration.

We initiate the modeling by creating stakeholder and system requirements, which
in turn help us derive key metrics for our robot grasping system. The robot
grasping system components are modeled as structural diagrams and behavioral
diagram using SysML in CSM. With this we conclude the descriptive modeling of
the system. The simulations of the system for di erent designs are developed and
executed on CoppeliaSim, which enables us to verify and validate our requirements
via the metrics. The metrics obtained from the simulation for di erent design
alternatives are used to perform trade-o studies and obtain the optimal design

option through Gurobi optimization software.

1.4 Thesis Contribution

The primary contribution of this thesis is the application of MBSE techniques
via integration of multi-disciplinary tools to a robot grasping system, performing

a simple pick and place task. Element level requirements, and structure and
behavior models of the robot grasping system are developed and visualized using
CSM. Executable simulations are created using CoppeliaSim and initiated from
the MBSE models developed in CSM via MATLAB. Trade-o analysis on the

simulation results are performed through Constraint Programming (CP) solvers



from Gurobi. On the whole, we have endeavored to develop an end-to-end MBSE

framework, in order to support robot grasping system design and development.

1.5 Thesis Outline

The rest of the thesis is organized as follows. Chapter 2 gives an overview of contact
modeling and the signi cance it has in robot grasping simulations. Chapter 3
discusses the fundamentals of robot grasping. In chapter 4, the MBSE approach
to the robot grasping system is described in detail. Chapter 5 explains the MBSE
simulation framework that incorporates the ideas outlined in chapters 2, 3, and 4,
and reports the results of the thesis. Finally in chapter 6, we summarize the work
done in this thesis with potential future extensions that can enhance the current

work.



Chapter 2

Contact Modeling

2.1 Overview

Contact phenomena is a frequently addressed topic in multi-body dynamics mod-
eling and simulation. Modeling multidimensional contacts is one of the major
problems faced by the robotic manipulation and grasping community. Accurate
and realistic modeling of contact phenomena is of utmost importance in terms of
controls, e cient task and motion planning, stable grasping strategies. Contact
scenarios are simply non-negligible physical interactions between two multi-body
systems at some locations, that signi cantly a ect their dynamics and motion
[13]. A contact model must majorly emphasize the spatial and temporal aspects
of the contact region, the resulting contact forces, and the relative motions of the
contacting bodies [13]. The complexity of the model, in general, heavily depends
on the complexity of the contacting region, number of multi-body systems in con-
tact, and kinematics of the multi-body systems [13]. Modeling and simulation of
contact e ects is a complex engineering process, owing to the need to account for
multiple factors such as geometry of the contacting region, material properties of
the multi-body systems in contact, possible impulsive dynamics, e ect of friction,

plastic/elastic contact deformation [13].

2.2 Contact Modeling Approaches in Literature

In the literature, several di erent approaches are in practice or have been proposed
to model the contact e ects in multi-body systems. They can be classi ed into

multi-body system and nite element models [13]. Multi-body system models
6



are simple, straightforward, and computationally e cient approaches, suitable
for dynamic analysis of the complete motion of general mechanical systems but
compromising modeling accuracy [13]. On the other hand, nite element models
o er powerful numerical analysis and accurate modeling of contact e ects but
are computationally ine cient [13]. Both these models have their corresponding
advantages and disadvantages, and the decision of using the right model depends
upon the problem [13].

The multi-body systems approach to contact modeling can further be divided into
rigid body models and compliant/penalty models [13]. Rigid body models, also
known as non-smooth/impulse-momentum based/discrete models, assume a short
duration interaction between the multi-body systems in contact, and no deforma-
tions at the contacting region. Unilateral constraints (impenetrability condition)
are utilized while evaluating contact forces/impulses [13]. Relative kinematics and
constraint forces at the unilateral contact is zero. Rigid body based models are
simple and e cient for practical uses but su er from major issues. Rigid body
models combined with the Coulomb friction model lead to problems with no so-
lutions or multiple solutions due to approximation of the Coulomb friction model
[13]. They also su er static indeterminacy i.e. the rigid body models are de -
cient in representing the contact phenomena holistically [13]. Some penalty or
compliance must be introduced in rigid body models in order to compensate for
their limitations, leading to compliant/penalty/force-based/continuous models. A
compliant model treats the interaction between the multi-body systems to be of
continuous process and allows deformations at the contacting region [13]. Com-
pliant contact regions can be viewed as spring-damper elements with sti ness and
de ection parameters representing the deformation and friction e ect [13]. Similar
to rigid body based models, compliant models too have disadvantages. Modeling
a compliant contact realistically is complex and makes the parameter selection
of spring-damper elements di cult [13]. To overcome this di culty a compliant

contact model can be represented using reduced order with fewer parameters [13].



In order to utilize the above mentioned approaches to contact modeling, we must
be familiar with basic kinematics of the contact phenomena, which is described in

the remaining sections of this chapter.

2.3 Contact Kinematics

Contact kinematics determines parameters that are paramount in modeling and
simulating contact e ects. They involve one of the fundamental parts of the
contact process - contact detection [13],[14],[15]. The relative motion between
multi-body systems, satisfying the contact model constraints, is also given by
contact kinematics. Kinematic analysis of a compliant contact model is a two-step
process: 1) regular contact kinematics 2) generalized contact kinematics, to cover
the contact phenomena completely [14],[15]. Regular contact kinematics deals with
relative motion of the contact points as the multi-body systems undergo rolling
and slipping. On the other hand, generalized contact kinematics represents relative

motion between multi-body systems separated by small distance [13],[14],[15].

2.3.1 Regular Contact Kinematics

Researchers in [14],[15] consider two rigid bodies with their con guration given by
g: and . The decision of whether the rigid bodies are in contact or not is based
on a certain distance metric (P(Q)) de ned between them. If this distance metric

is zero, then the rigid bodies are in contact. If the distance metric is positive,
they are separated and if it is negative then the rigid bodies are penetrating
(deformations). These conditions make sense only for static contacts. But what
if there exists relative motion between the rigid bodies? For example, if a multi-
ngered hand of a robot is said to identify the shape or surface of an object by
constantly moving across it, the contact points are no longer static. In case of
contacts in motion, it would be more appropriate to perform kinematic analysis

based on derivatives of the distance metric. The contact between two rigid bodies

8



is maintained only if the distance metric and its related derivatives are all zero.
If the distance metric is zero and gives rise to positive derivatives, then the rigid
bodies make a transition from contact to separation. Whereas, if the distance
metric is zero and derivatives are negative, then the rigid bodies make a transition
from contact to penetration. The rst and second derivatives of the distance

metric can be given by [14],[15],

P @P ' dQ

?P_ dQ T @ . @P' d&Q

t2 dt @0 @0 ae (2.2)

The rst and second order derivatives contain the contact normal and curvature.
Further, researchers in [14],[15] also identify a contact as rolling or slipping. If the
relative tangential motion is zero we have a rolling contact. On the other hand,

if the relative tangential motion is non-zero we have a slipping contact. Also, if
relative tangential velocity is zero but higher order derivatives are non-zero, then
slipping is emergent [14][15].

The realm of spatial vector algebra has made representation of rigid body dynamics
easy and concise. Spatial vectors generally occupy two vector spaces, namely the

motion vectors and force vectors. The motion vectors called the twist (t) include

linear and angular velocity of the rigid body.
t= whv ' (2.3)

where w, v are angular and linear velocities of the rigid body, respectively, rep-
resented in an inertial frame. Force vectors also knows as wrench (W) consist of

force and torque of the rigid body.

w= T:T 7 (2.4)



where , f are torque and force experienced in an inertial frame, respectively. Af
is the unit outward contact normal, a constraint on the instantaneous contact ve-
locity (v¢) is required in order to provide impenetrability or limited penetrability.
In case of static contacts,

In case of contacts in motion,

Vc N Vrel N (26)

The above condition can also be expressed as an energy condition.
t'TW 0 (2.7)

In case of contacts in motion,

tTW v h (2.8)

The last step in regular kinematic analysis is to verify if we have unique twist or
wrench solutions based on the type of control adopted (position, velocity, force

control) [14],[15].

2.3.2 Generalized Contact Kinematics

The contact kinematics discussed in this section is a more generalized notion of
the kinematics discussed in 2.3.1. Kinematics of points on the rigid bodies with
minimum distance including the contact points are described by [13],[14],[15]. Let
ri, rp be position vectors of two points pertaining to the rigid bodies with minimum
distance in inertial frame. In other words, connectir%gl,! r, is normal to the rigid
bodies. The points corresponding {crl,! r, are called generalized contacts or

potential contact points [13],[14],[15]. If we de ne a vector P as,

’ P = r« "ro (29)

10



We can then formulate the normal vector to the contacting region as,

|
P
n= — 2.10
. (2.10)

The concept of minimum distance separation is not su cient to label points on the
rigid bodies as potential contact points and also, fails to explain the generalized
contact problem. In order to ne tune our contact detection, we can check for
points that lead to maximum relative deformation along the normal direction.
Along with this we also look for collinearity between 1) distance vect!OP and

normal vector A, 2) normal vectors at the potential contact point [13],[14],[15].

!
‘P m=0;i=1;2 (2.11)

M =0 (2.12)

After identifying the contact points, we can formulate the penetrability (d) and

relative normal velocity of the contact region.
d="P 'P (2.13)

The kinematics dealt so far in this section is one of the basic and simple for-
mulations that leads to initial insights of contact phenomena. These mathemat-
ical constructs are directly applicable to smooth, convex, rigid bodies and con-
tact regions, approximated as point contact [13],[14],[15]. These concepts can be
readily extended to more complex and realistic contact models by making sure
that common tangent plane pertaining to the contact bodies are de ned uniquely

[13],[14],[15].
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Chapter 3

Robot Grasping

3.1 Introduction

For decades, robot manipulators have fueled industrial automation in areas such as
machining, packaging, assembly. Lately, the usage of robot manipulators has ex-
tended to more commercial sectors. The recent transition from known, repetitive,
and structured environments to uncertain, dynamic, and unstructured environ-
ments has imposed various challenges in the eld of robot manipulation both in
terms of hardware and software. Variation in application and environment asks
for frequent redesign and reintegration of end e ectors with manipulators in order
to enable dexterity and adaptability. Owing to the complexity of the problem,
this chapter will deal with only robot grasping, which acts as the primary step to

solving this.

3.2 Multi- nger Grasping

The dream of developing human-like hands, capturing the idea of dexterity and
anthropomorphism dates back to the 1960s. In [16],[17], grasping is de ned as the
problem of constraining an object. Another perspective to the problem of grasping
would be object motion when constrained rigidly by the multi- nger gripper. The
solution to this problem is solved subconsciously by the human brain, making it
look insigni cant. However, in reality, it is mathematically and computationally
expensive to arrive at a sophisticated solution. The multi- nger gripper has to
determine the su cient number and the locations of contacts along with the forces

required to be applied on the object/work-piece to ensure stability [16],[17].
12



According to [16],[17],[18], multi- nger grasps are primarily classi ed as - precision
grasp and power grasp. Precision grasp requires the ngertips of the multi- nger
gripper to make contact with the object. This type of grasp is helpful for dexterous
in-hand manipulation but provides less stability due to restricted contact area.
Power grasp on the other hand involves both ngers and palm contacts with the
object leading to a more stable grasp but restricted dexterity. The power and
precision grasps can further be classi ed depending on opposition types - palm,
pad, and side opposition. The decision of choosing the type of grasp depends on
the task, whereas the respective quality of the grasp is determined by the location
of contacts on the object [16],[17],[18]. The remaining sections of this chapter will
deal with methods and tools that will allow us to analyze the concepts described

so far.

3.3 Multi- nger Grasp Basics

The foundation of robot grasping is highly bene ted from contributions of classical
kinematics and mechanics [17]. During the process of grasping, the multi- nger
gripper interacts with the object at multiple locations increasing the complexity
of the problem [17],[18].This observed interaction kinematics and dynamics is ap-
proximated in [16],[17],[18], as a quasi-static rigid body problem to perform grasp
analysis. A brief discussion on contact and friction dynamic models which plays a
major role in solving the quasi-static rigid body problem was given in chapter 2.
There are enormous amounts of work in literature to establish grasp kinematics.
The most popular and frequently used are lie algebra, screw theory/line geometry,
di erential geometry, manifold theory, con guration space approaches. A major
impact on grasping from mechanics was via the concepts force-closure/wrench-
resistant grasp and form-closure/immobilizing grasp. Use of these concepts helps
us explain and solve issues such as equilibrium, stability, surface curvature e ects

[16],[17],[18].
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3.3.1 Equilibrium Grasps

When analyzing a robot grasping system the aspect of equilibrium grasps is fun-
damental and essential. Let k;, F5, ..., Fx be the ngers of the multi- nger gripper
and O be the grasp object. According to [17], equilibrium grasp under a chosen
friction model is de ned as a grasp con guration which holds the grasp object
at rest with the zero net wrench a ecting the object. Mathematically, a feasible
equilibrium grasp is possible if there exists non-zero wrench, (f;) satisfying the

condition given below,

1
fq X f g !
Le(foforinfiy 15 200 «) = %b +112+%) =0
X; fi+ ['ng Xk fu+ @ng
(3.1)

and (f, ") 2 Cifori=1,2, .., k

Here Lg is the grasp map de ning the net wrench and Cis the generalized friction
cone at position x. In order to attain equilibrium, minimum of two contacts with

the grasp object at rest is required. We can conduct further analysis by de ning the
grasp wrench space (GWS). GWS is the space of wrenches that can be generated
by the multi- nger gripper on a grasp object and can be formulated as shown
below,

W=W;+ W+ i+ W W =1f(fi;xg f):fi2Cig (3.2)

If there exists a non-trivial linear subspace for the GWS at a given grasp, then
we can conclude it as an equilibrium grasp. Finally, we can determine if a contact
is essential or not based on equilibrium. If a contact generates non-zero contact

force to maintain equilibrium then it is an essential contact [17].
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3.3.2 Secure Grasps

The problem of equilibrium grasps can be extended to discuss another important
aspect of a robot grasping system - secure grasps [17]. The idea behind a se-
cure grasp is to describe stability in presence of external disturbances. In this
section we will brie y discuss two di erent perspectives of secure grasps - force

closure/wrench-resistant grasp and form-closure/immobilizing grasp.

3.3.2.1 Form-Closure/Immobilizing Grasp

A grasp is in form-closure or is said to be an immobilizing grasp if the multi-
nger gripper can provide su cient rigid body constraints on the grasp object to
immobilize it [16][17][18][19]. This perspective of analyzing mobility of the grasp
object is when friction e ects are insigni cant and hence, we usually perform
geometric analysis on a frictionless rigid body model [17],[19]. The grasp object
can be immobilized by the multi- nger gripper if it has free C-space motions as
shown below, )

F=R" int (CO;) (3.3)

i=1
where int(CO)) is the interior of gripper nger C-obstacles and m = 3 for 2D
grasps, m = 6 for 3D grasps. Further, if the gripper ngers can form a frictionless
equilibrium grasp then we can ensure equilibrium immobilization of the grasp
object. An immobilizing grasp is used for power grasp execution and is considered

as a strong condition [17][19].

3.3.2.2 Force closure/Wrench Resistant Grasp

If our focus on analyzing the free motion of the grasp object is shifted to the
perspective of resisting the wrench applied on the grasp object we end up with
force-closure/wrench-resistant grasp. A grasp is in force-closure or is said to be

a wrench-resistant grasp if the multi- nger gripper contact forces can resist the
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external wrench applied to the grasp object [16],[17],[18],[19].
!
Lo(fq;fo; i fi) + Westernat = 05 (Fyfoiinf)2Cy Gy i Ce (3.4)

where G, C,, ..... , Cy are the generalized friction cones at the contacts. Unlike
immobilizing grasps, wrench-resistant grasps analyze mobility when friction e ects
are signi cant. An essential requirement to achieve wrench-resistant grasps is a
feasible equilibrium grasp under a chosen contact model. Wrench-resistant grasps

are more suitable for precision grasps [17],[19].

3.4 Multi- nger Grasp Quality

A robot grasping system must ensure synthesis of an optimal grasp, keeping in
mind the concepts discussed above. In order to quantify an optimal grasp we
require certain measures that can connect the kinematics and dynamics developed
with grasp planning and synthesis [17],[19]. The grasp quality measures should be
designed in such a way that it accounts for wide range of e ects on the grasp and
should also not be a burden on the existing computational load. However broad
and generic the quality measures are, they should also be tailor-made based on

the applications for which the grasping system is used [17],[19].

3.4.1 Rigid-Body Kinematics Based Grasp Quality Mea-

sures

Measuring the stability of the grasp object and the amount of wrench it experiences
is important while designing or selecting multi- nger grippers for a task [17]. Rigid
body con gurations, velocities, and wrenches can be used to describe the above
mentioned measure. The general rigid-body kinematics based quality measure is

shown below,

Q01 155 Gy G 1105 Oy Wi 155 W) & (R™MK (TER™)2 (T,R™* I R (3.5)
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where q, ...., 0k, are rigid-body con gurations, @, ...., g, are rigid-body velocities
and wi, ...., W, are rigid-body wrenches. Also, if we have a 2D grasp, m = 3 and
in case of a 3D grasp, m = 6. We can utilize the rigid-body based kinematic

measure (Q) in di erent forms such as,

" Distance metrics Q(q, () that measures the displacement between two

con gurations of the grasp object [17].
" Velocity norm Q(q., @) that measures the velocity of the grasp object [17].

Wrench norm Q(w, W) that measures the wrench applied or experience by

the grasp object [17].

" Inner product based measures [17].

3.4.2 Grasp Matrix Based Quality Measures

The nger contact locations are another aspect while quantifying quality of a
grasp. A grasp matrix (G) de nes the relationship between net wrench and contact
force [17],[19]. The singular values of G will be used in de ning various useful
measures representing optimal contact locations for stable and successful grasps

[17],[19].

3.4.2.1 Minimum Singular Value of Grasp Matrix

The minimum singular value of the grasp matrix helps to identify if the chosen
grasp con guration can resist external wrenches applied on the grasp object or
not [17],[19].

Qumsv (G) = min (G) (3.6)

If the chosen grasp con guration cannot resist the externally applied wrenches,
Qmsv becomes 0. The higher the value the more secure and wrench-resistant is

the grasp [17],[19].
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3.4.2.2 Volume of Grasp Matrix Ellipsoid

The volume of grasp matrix ellipsoid gives an insight on the in uence the contact

forces have towards external wrenches applied on the grasp object [17],[19].
P
QvOE(G) = det(GGT) (3.7)
The minimum value of Q,oe (G) is 0 and higher positive values are desired [17],[19].

3.4.2.3 Isotropy of Grasp Matrix Ellipsoid

The isotropy of the grasp matrix ellipsoid determines how balanced the contact
force contribution is when external wrenches a ect the grasp object [17],[19]. Itis
mathematically represented as the ratio of minimum singular value of the grasp

matrix to maximum singular value of grasp matrix [17][19].

Qo = (3.8)

max

If value of Qg = 0, we end up with a singular grasp con guration. On the other

hand, if Qg = 1, we will have a balanced grasp con guration [17],[19].

3.4.3 Grasp Polygon Based Quality Functions

We can also de ne grasp quality measures based on the distribution of contacts
on the grasped object, which is represented by the grasp polygon [17],[19].
3.4.3.1 Grasp Polygon Regularity Index

The shape of the grasp polygon can tell a lot about contact force distribution and
equilibrium [17],[19]. The grasp polygon regularity index quanti es the shape of

the grasp polygon by measuring the deviation of the internal angles from that of
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a regular polygon [17],[19].

1 X

(3.9)

I
x| N

Qcpri =

where ; is the internal angle of the grasp polygon,max is the deviation of worst
possible grasp polygon from a regular polygon. Minimum value forQy, is desir-
able; a value of O represents regular polygon whereas 1 represents worst possible

deviation [17][19].

3.4.3.2 Distance between Grasp Polygon Centroid and Grasp Object

Center of Mass

The grasp polygon can also help us understand the e ects of gravity and inertia

during grasping and manipulation [17],[19]. This can be formulated as,

Quitt = d(X¢; Xem) (3.10)

where d() is a metric evaluating the distance, ¥, is the center of mass of the

grasp object and X is the grasp polygon centroid given by

Z

Xc= X Ix (x)dx (3.11)

1
A
Ix is the indicator function denoting whether x lies within the grasp polygon or

not.

3.4.4 Contact Force Magnitude Based Quality Functions

The quality measures should also address the design aspect of a grasping system
[17],[19]. Contact force magnitude based quality functions aim to satisfy this

requirement .
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3.4.4.1 Resistance via smallest maximum wrench

This quality measure represents the maximum wrench that the contact forces can
resist which in turn helps us infer about the gripper contact force limitations
[17][19].

Qsvw = min__fjj wjjg (3.12)
w2 bdy(W)

where W is the bounded net wrench cone of the grasp (convex hull of gripper

bounded wrench cones) given by,

W = CO(Wq; i3 W) (3.13)
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Chapter 4

Model-Based Systems Engineering

Approach to Robot Grasping

4.1 Overview

The multi-disciplinary nature of systems naturally makes them complex in terms
of integration, right from the start of the design stage, and hence design decisions
become di cult. In order to overcome this issue with complex system design, we
utilize the power of model-based systems engineering (MBSE). The main aim of
this chapter is to provide a functional architecture for a robot grasping system.
Modeling the system structure, behavior, and requirements at this abstract level
provides exibility, modularity, and reusability to the stakeholders in terms of sys-
tem design, development, and deployment. Applying MBSE to complex systems

such as our robot grasping system asks for new ways of thinking and skills.

4.2 Model-based Systems Engineering (MBSE) Ap-
proach

The International Council on Systems Engineering (INCOSE) de nes MBSE as
follows - "Model-based systems engineering is the formalized application of mod-
eling to support system requirements,design,analysis, V&V activities beginning in
the conceptual design phase and continuing throughout development and later life
cycle phases" [20]. MBSE approaches are a huge shift from traditional document-

centric to model-centric systems engineering, and allow smooth communication
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between stakeholders, project teams, and organizations, quality control of require-
ments, system design, integrity and con guration management, re-usability, cost
estimation and risk reduction when V&V e orts are determined at the start of
the project. The metrics de ned during this process can be used to assess de-
sign quality, development and schedule progress, risk, and project success. We
can also evaluate traceability and allocation of requirements, critical performance
parameters, and component selection based design problems [20].

In this thesis, our MBSE approach follows the Vee life cycle model (LCM) intro-
duced by [21], shown in Figure 4.1. The Vee LCM is a sequential process that
covers stages from requirements to design to development, deployment, and dis-
posal. For the very same reason, the Vee LCM is known as the "cradle to grave
LCM". Another interesting aspect of the Vee LCM is constantly communicating
VV&T activities with stakeholders, necessity to develop VV&T plans along with
requirements engineering, and the signi cance of risk assessment. From the gure,
it is clear that the left hand side of the LCM focuses on conceptual and design
phase, whereas the right hand side concentrates on implementation, operations,

and disposal phase.

Figure 4.1: Vee Development Life Cycle Model
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Following the Vee LCM, we rst de ned the scope (problem statement) for our
robot grasping system. The stakeholder requirements associated with the perfor-
mance, design constraints and interface of the robot grasping system from stake-
holder organization's perspective was then developed. We then derive measures of
e ectiveness (MOESs) and system requirements from the stakeholder requirements,
representing the performance and nancial metrics, functional, design, and inter-
face requirements of the system. With the help of the requirements and MOEs
developed thus far we create the functional system architecture and design via
structural and behavioral diagrams using systems modeling language (SysML) on
Cameo Systems Modeler (CSM). This entire process stays inline with the Vee
LCM, with the structural and behavioral diagrams being veri ed and validated

against the stakeholder and system requirements, and MOEs.

4.2.1 Systems Modeling Language (SysML) Standard

SysML is a general purpose architecture/graphical modeling language for systems
engineering problems. It is an extension of a subset of the Uni ed Modeling Lan-
guage (UML). SysML was developed and extended from UML to bene t develop-

ment of generic and complex systems rather than extensive software applications.

Figure 4.2: Connection between UML and SysML
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Using SysML, one can have multiple perspectives of the system and it provides
lot of functionalities such as specifying requirements, constraints, model structure
and behavior, perform allocation, traceability, simulation, and trade-o analysis
[22] [23]. SysML also supports model and data interchange via XML Metadata
Interchange (XMI) standard with external modeling and simulation tools such as
MATLAB/Simulink, Modelica tools, optimization tools [22],[23]. The four pillars

of SysML namely the structure, behavior, requirements and parametric are shown

below in Figure 4.3 [22],[23].

Figure 4.3: Four Pillars of SysML

SysML provides nine diagrams to support the four pillars, as well as the function-

alities discussed above, as shown below in Figure 4.4 [22] [23]. They are,
1. Block De nition Diagram (BDD)
2. Internal Block Diagram (IBD)
3. Use Case Diagram (UCD)
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4. Activity Diagram (AD)

5. Sequence Diagram (SD)

6. State Machine Diagram (SMD)
7. Parametric Diagram (PAR)

8. Requirements Diagram (REQ)

9. Package Diagram (PKG)

Figure 4.4. SysML Diagram Taxonomy

The primary advantageS of SysML ARE its simplicity, exibility, and organiza-
tional structure, with extraordinary attention to detail of the models built. SysML
provides the opportunity of version control to the users [22],[23]. Model fault anal-
ysis and irregularity detection are possible using SysML. The most major advan-
tage of all would be the ability to perform requirement traceability, allocation, and
veri cation for the developed model structure and dynamics/behavior via SysML,
thereby understanding functionalities and capabilities of the system at the lowest

level possible, without any inconsistencies [22],[23].
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4.2.2 Cameo Systems Modeler (CSM)

There are various software that allow modeling via MBSE methods with SysML
capabilities. Cameo Systems Modeler (CSM) is one of those software tools for
modeling complex systems. It provides a collaborative MBSE environment sup-

porting standard SysML capabilities.

Figure 4.5: Cameo Systems Modeler Overview

CSM allows importing, de ning, and describing requirements as graphical, tabu-
lar, matrix or tree representation. The requirements can also be associated with
model elements in structural and behavior diagrams via relationships such as ver-
ify, satisfy, and allocate. Requirements management and analysis from Rational
DOORS, Microsoft Excel (via CSV) can be integrated with CSM. Another major
use of CSM comes from its ability to run simulations, optimizations, and trade-o
studies. With the help of parametric diagrams and Cameo Simulation Toolkit plu-
gin, modeling capabilities of CSM can be extended to using external applications
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such as Simulink, MATLAB Symbolic Math Toolbox, OpenModelica, Mathemat-
ica. We can also customize CSM for speci ¢ applications using tools and function-
alities such as Domain Speci ¢ Language (DSL), exible user interface, Open API.
Model exchange is available via various standards such as XMI, Eclipse Modeling
Framework (EMF), IBM Rational Rhapsody, Enterprise Architect, and Systems
Architect le formats. CSM also provides third-party plugins for modeling and

simulation.

4.3 Robot Grasping Simulation System (RGSS)
Requirements Management

Requirements are textual descriptions of capabilities, structural properties, behav-
ioral functions or performance constraints that a system must satisfy, perform or
achieve [24]. SysML consists of a requirement modeling capability built-in that can
connect the requirements to that of the system model thereby allowing features
such as traceability, veri cation, validation [24]. CSM provides a requirements
management tool that allows the user to manage various levels of requirements,
relationship between them and the system model. We can also visualize the cre-
ated requirements and their relationship in the form of matrices, tables, diagrams,
maps.

System expectations can be expressed in various levels starting from the business
organization, and stakeholders/customers to the system developers, and main-
tainers [25]. Business requirements are the highest level of information about
the system to be developed. It contains expectations such as budget and sched-
ule constraints, business objectives, system scope [25]. We then have the stake-
holder/user requirements, which are lower level details compared to that of busi-
ness requirements [25]. Stakeholder/user requirements outline the customer needs
- desired functionalities, capabilities, performance expectations - from the system

[25]. Knowing the customer expectations is the most important factor in sys-
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tem development and cannot be avoided at any cost [25]. The RGSS stakeholder
requirements are decomposed into design, functional, interface, and performance
requirements in order to understand the customer needs in every aspect of a sys-
tem. The below gure depicts the RGSS stakeholder requirements containment

map.

Figure 4.6: RGSS Stakeholder Requirements Containment Map

Finally, the lowest level requirements are the system requirements that express
the design, behavior, and performance aspect of the system itself depending on
the business and stakeholder requirements. System requirements in turn can be
de ned at various levels such as the subsystem, component, element thereby lead-
ing a rich decomposed description of our system in compliance with the higher
level business and stakeholder requirements. The RGSS system requirements are
decomposed into manipulator, gripper, actuator, joint, physics, script, and al-
gorithm requirements. The below gure depicts the RGSS system requirements

containment map.
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Figure 4.7: RGSS Systems Requirements Containment Map

4.4 Robot Grasping Simulation System (RGSS)
Metrics

Evaluating a design option against other design alternatives is necessary and im-
portant in developing a reliable and robust system. Metrics provide a way to
assess and correct a system in its early stages; track the mission objectives and
stakeholder needs; perform trade-o s and enable decision making [26]. Measures of
E ectiveness (MOEs) and Measures of Performances (MOPSs) are the two impor-
tant technical measures that we use in this thesis. MOEs are operational success
measures used to evaluate the achievement of a system capability, stakeholder
need or mission objective in an intended operational environment under speci c
set of conditions [26]. On the other hand, MOPs are measures that represent
the physical or functional aspects relating to the system performance [26]. MOPs
characterize the system performance attributes that are necessary to satisfy the

MOEs representing the stakeholder needs [26].
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ID MOE De nition Stakeholder Needs ID
1 | Maximum Acceptable | The maximum load the RGSS| 6, 10,
Payload (Pmax) (KQ) can lift and hold without ob- | 11,
ject damage and slippage. 12
2 | Total Cost Estimate | The total cost of the RGSS. | 21,
(Crotar ) ($) 95
3 | Task Execution Time | The total amount of time the | 95
(te) (seconds) RGSS takes to execute the task
successfully.
4 | Total Planning Time | The total amount of time | 6, 11,
(t,) (seconds) the RGSS spends planning the 12
tasks excluding task execution
5 | Task Success Score (S)The probability of RGSS to | 97
complete a task successfully;
successful grasp, lift, hold ang
place.

Table 4.1: RGSS MOEs Table

Table 4.1 summarizes the MOEs used to evaluate the RGSS. The MOESs are chosen

in such a manner that they represent the stakeholder concerns quantitatively. For

example, the total cost estimate characterizes the a ordability stakeholder need;

maximum acceptable payload characterize the wide range of objects the RGSS

can handle. Once the MOEs are identi ed, we de ne the MOPs. We identify the

MOPs from the system requirements. After determining the MOPs, we relate the

MOPs to MOEs, in other words, MOEs are evaluated via the MOPs. Table 4.2

summarizes the MOPs.
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ID MOP De nition MOEs ID
1 | Manipulator Maximum | The maximum load the robot ma-| 1
Payload (Pmaxm) nipulator can lift and hold.
2 | Manipulator Velocity (vi,) | The velocity of the manipulator end-| 3
e ector.
3 | Estimated Manipulator | The total cost of the manipulator 2
Cost (Cy)
4 | Gripper Maximum Payload | The maximum load the multi- nger | 1
(Pmaxg)) gripper can lift and hold.
5 | Gripper Mass (M) The weight of the gripper. 1
6 | Grasp Cycle Time (i) The time taken to open and close the 3
gripper.
7 | Estimated Gripper Cost| The total cost of the gripper. 2
(Cy)
8 | Sub-Task Planning Time| The time taken by the planning al-| 4
(tspn) gorithm to generate a collision-free
and kinematically feasible path for
the sub-task.
9 | Path Length (L) Distance traveled by the grasping 3
system following the generated path
10 | Estimated Planning Soft-| The total cost of the planning soft-| 2
ware Cost (G) ware.
Table 4.2: RGSS MOPs Table
Following are the relationship between the MOEs and MOPs.
Pmax = MiN(( Pmaxm  Mg); Pmaxg) (4.1)
Ciotat = Cn + Cg+ Cy (4.2)
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te= tp+ tge+ . (4.3)
n=p M
X
tp = tspin (4.4)
n=1

8
% 0; if task fails to start
S=

i sub tasks completed successfully out of n sub tasks  (4.5)

o
- 1; all sub tasks completed successfully

Similar to MOPs, design parameters are also identi ed from system requirements.
Manipulator joint velocities (q), gripper base mass (), number of gripper ngers
(N¢), gripper nger mass (M), gripper nger velocity (v¢), gripper nger joint
force/torque ( ), gripper material ( ), number of gripper actuators (N,), gripper
actuator mass (M,), maximum planning calculation time (tnaxp), and algorithm
type are the design parameters used in this thesis, for the purpose of design space
exploration. Further discussion on design parameters has been presented in section
4.8. In this thesis, the design parameters are related to the MOPs, similar to
how MOPs were related to MOEs. The relationship between MOPs and design

parameters are described as follows,

Pmaxm = f (C0oGoifiange ) (4.6)
Mg= Mg +(Nf Mg+ (Na My) 4.7)
_ Fmax
I:)max,g = 15 (g+ am) (4.8)
0 1
V
© "X =Jda (4.9)
'
d
= 2 4.1
tge v (4.10)
tsp = f (tmax,p;al) (4.11)
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0 1
B8 = 3()- (4.12)
s

g = IT()fs (4.13)

4.5 Robot Grasping Simulation System (RGSS)
Structural Diagrams

Now that we have both the stakeholder and system requirements, we start mod-
eling the RGSS. In this section, we will discuss the structural decomposition of
the RGSS. The fundamental element of structural modeling of a system in SysML
is the block. A block can be used to describe the system structure and behavior
properties in a modular fashion [24]. Logical, conceptual or physical abstractions
of a system can be de ned by a block in SysML [24]. Blocks have di erent proper-
ties that can be used to represent di erent features of a system. Value properties
in a block can be used to model physical, performance, and other attributes that
can quantitatively express the system [24]. On the other hand, part properties in a
block discuss the decomposition of a block into several other blocks in system [24].
Similarly a block has other properties such as ow properties describing the input-
output information of a system, reference properties leading to one composition
hierarchy to be referenced by another composition hierarchy [24].

In order to utilize the block properties, SysML also provides di erent types of
associations such as direct composition (part properties), reference association
(reference properties), generalization (classication hierarchy), item ow (ow
properties) [24]. The primary SysML diagram used to de ne blocks and their
relationship with each other is the Block De nition Diagram (BDD) [24]. A sys-
tem's structural relationship can be modeled on di erent levels using the BDD.
The RGSS context or domain level, the highest level of structural representation

can be seen below.
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Figure 4.8: RGSS Context Level BDD

The RGSS context has been decomposed into the system of interest (Sol), environ-
ment, and users, which are modeled using a system block. The RGSS environment
and user blocks are the abstraction of external entities that interact with the Sol
RGSS directly or indirectly. Each of these decomposed blocks have been further
represented in detail via individual BDDs. The Sol RGSS has further been decom-
posed into robot manipulator, robot end e ector, robot actuator, robot sensors,
robot algorithms, simulated physics, simulation script, simulation scene. In addi-
tion to the decomposition, the RGSS block contains the system MOESs represented
using the value properties. The RGSS environment is nothing but a computing
device that comprises of a modeling and simulation tool, programming platform,
robot simulator and a trade-o analysis tool. Finally, the RGSS users are the
MBSE engineer who has direct interaction with various parts of the system, and
various industries that involve robotics and automation. The system level BDDs

for the Sol, environment and users is shown in below.
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Figure 4.9: RGSS System of Interest BDD

Figure 4.10: RGSS Environment BDD
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Figure 4.11: RGSS Users BDD

Every block in the system level BDD can further be decomposed into subsystem
level BDDs. This becomes necessary for the Sol in order to carry out speci ¢ and
lower level design decisions. Therefore, we continue decomposing the Sol RGSS
block to a level that will lead to more realistic design decisions and analysis, as

shown in the below gures.

Figure 4.12: RGSS Robot Manipulator Block De nition Diagram

The robot manipulator block composition hierarchy consists of robot manipulator,
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robot manipulator joints, and robot manipulator links. The robot manipulator
block also has reference associations with robot end e ector, robot actuator, robot
sensors, and robot manipulator script. The robot end e ector block has been
classi ed into tools and grippers using generalization relation. It is also related to
other blocks such as robot actuators, robot sensors, robot manipulator, robot end
e ector script using the reference associations. We further classify the tools and
grippers block but primarily, the multi- nger gripper block will be the focus. In
other words, we will be using a multi- nger gripper as the robot end e ector in

this thesis.

Figure 4.13: RGSS Robot End E ector BDD
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Figure 4.14: RGSS Multi- nger Gripper BDD

The multi- nger gripper block is composed of gripper ngers, gripper nger links,
gripper nger joints, and multi- nger gripper base. Similar to the end e ector, the
multi- nger gripper block is related to robot manipulator, robot actuators, robot
sensors, and multi- nger gripper script using reference association. The robot
actuator block contains both composition and classi cation hierarchy. Linear and
rotary actuators constitute the composition hierarchy. Electric, pneumatic, and
hydraulic actuators constitute the classi cation hierarchy. The robot manipulator,
robot actuators script, and robot end e ector blocks are related via reference

associations.
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Figure 4.15: RGSS Robot Actuators BDD

Similar to the robot end e ector block, the robot sensors block consists only of a
classi cation hierarchy containing proximity sensors, tactile sensors, force/torque
sensors, camera and pressure sensors. Apart from the classi cation hierarchy, the
robot sensors block is related to the robot manipulator, robot end e ector, and
robot sensors script using the reference association. The remaining blocks in the
RGSS Sol composition hierarchy - robot algorithms, simulation scene, simulation

script, simulated physics - model the software component of the system.
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Figure 4.16: RGSS Robot Sensors BDD

The robot algorithms block has been decomposed into planning and control algo-
rithms. We focus more on the planning algorithms, in this thesis, similar to the
multi- nger gripper block. The simulation scene mainly consists of scene objects
that the simulator can import. The task scene block, which is the restaurant
scene in this thesis, is a part of the simulation scene block using the generalization
relationship. The robot manipulator, robot end e ector, robot actuators, robot
sensors, simulated physics, simulation scripts also make up the simulation scene

block, and have been modeled by relating them using the reference association.
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Figure 4.17: RGSS Robot Algorithms BDD

Figure 4.18: RGSS Simulation Scene BDD
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Figure 4.19: RGSS Simulation Script BDD

Adhering to the system requirements, the simulation script block has been mod-
eled into a Lua script and a MATLAB program, representing di erent types of
simulation control. The aspect of modular simulation control is expressed by de-
composing the Lua script block into various scripts that can speci cally control
di erent elements/components of the RGSS. The multi-body physics that a simu-
lation o ers plays a major role in the e ciency and accuracy of the results, which
in turn dictates the design decisions. We thus model this subsystem into various
crucial and fundamental components, that a reliable robot simulator would con-
sist of, such as the rigid body kinematics and dynamics, joint dynamics, material
properties. The multi-body dynamics is also related to the speci c physics engine

block (Vortex multi-body dynamics engine) using reference association.

Figure 4.20: RGSS Simulated Physics BDD

42



On further decomposing the subsystem level BDDs into element level BDDs, we
will be able to make even more informed design decisions. Robot manipulator
joints, multi- nger gripper joints, and planning algorithms block are broken down

further in the following gures.

Figure 4.21: RGSS Robot Manipulator Joints BDD

Both the robot manipulator joints and gripper nger joints blocks are modeled
similarly. They consist of a classi cation hierarchy containing screws, spherical,
revolute, and prismatic joints. The robot manipulator, robot manipulator links,
robot actuators, robot sensors, and the robot joint script are all referenced to the
manipulator and gripper nger joints. Finally, we have the planning algorithm
and restaurant scene block decomposition as part of the RGSS Sol decomposition.
It is organized into di erent types of planning algorithms and is related to the

robot manipulator and robot manipulator script blocks.
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Figure 4.22: RGSS Gripper Finger Joints BDD

The restaurant scene is the example task/application scene on which we evaluate
the RGSS. It is part of the simulation scene classi cation hierarchy. In this thesis,
we have modeled the restaurant scenario in a simple way, in order to demonstrate
the application of MBSE techniques for a robot grasping system. An L-shaped
counter-top, tables, chairs, the oor, and a cup (target object) composed together
represent the restaurant scene. As mentioned earlier, decomposing the Sol is
necessary, and important in order to design a system at lower level. However, to
obtain more insights into the environment where the RGSS is deployed, we have

decomposed the CoppeliaSim block as well.
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Figure 4.23: RGSS Planning Algorithm BDD

Figure 4.24:. RGSS Restaurant Scene BDD
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Figure 4.25: RGSS CoppeliaSim BDD

4.6 Robot Grasping Simulation System (RGSS)
Behavioral Diagrams

In this section, we will discuss modeling the behavior of the RGSS. To design
a reliable, and robust system it is important to understand the behavior it ex-
hibits or is expected to exhibit. Behavior of a system can be any interaction with
external entities; a capability/operation it can perform or the user wants it to
perform; dynamic change in its state. SysML provides various ways to model
system behavior [24]. One of the methods, requirements management, has been
described in a previous section. We can express a system's behavior or expected
behavior textually via requirements. Use cases, activities, sequences, and state
machines are other approaches that SysML o ers to represent system behavior
[24]. In this thesis, we model di erent perspectives of system behavior using Use
Case Diagrams (UCD), Activity Diagrams (AD), and Sequence Diagrams (SD).
Each of the above mentioned diagrams is developed in such a way that it satis es
the stakeholder concerns and system needs. This forms an important part of the
requirements traceability and allocation process [24]. Another important charac-
teristic of SysML behavior diagrams is that we can associate system structure to

that of their behavior thereby leading to ne design decisions [24].
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4.6.1 Robot Grasping Simulation System (RGSS) Use Case
Diagram (UCD)

A use case is a way to describe how a stakeholder or customer wants to use the
system [24]. It is the representation of the system's expected behavior from a
user perspective. The users are external entities that comprise of both humans
and other systems [24]. Apart from expressing system behavior, use cases can
be viewed as a way to determine stakeholder, and system requirements [24]. It
is important to understand that use cases are used to model high level system
capabilities unlike other SysML behavior diagrams. Figure 4.26 describes the

RGSS UCD.

Figure 4.26: RGSS UCD

As seen in the above diagram, we have allocated functionalities to their corre-

sponding system structure block. The highest level of functionalities that a user
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or stakeholder expects from the RGSS are "initialize simulation”, "executing sim-
ulation", "pause simulation”, and "shutdown simulation”. The above mentioned
capabilities are allocated to the RGSS context block and interact with the MBSE
engineer as the user. They are associated with the stakeholder needs. The system
level use cases are modeled for the robot manipulator, multi- nger gripper, and
planning algorithms. The use cases allocated to the robot manipulator deal with
motion based functionalities such as "moving the end e ector to a desired position
for grasping the target object”. Multi- nger gripper use cases describe the higher
level capabilities of "grasping”, "lifting", and "placing a target object", followed

by lower level capabilities such as "opening" and "closing a gripper”. The use case
related to the planning algorithms block is to plan and generate a collision-free,
kinematically feasible path. Detecting collisions, an important behavior the RGSS
system must exhibit, is also part of the UCD. The higher and lower level system
functionalities are related using <include> relationship. This type of relationship

allows an included use case such as "close gripper" to be executed automatically

when a base use case such as "grasping a target object" is executed.

4.6.2 Robot Grasping Simulation System (RGSS) Activity

Diagrams (AD) and Sequence Diagrams (SD)

In this subsection, we model both the input-control-output ow and message based
RGSS behavior. Activities are used to express how inputs to a system give rise to
outputs via controlled ow of actions [24]. The system input-output behavior from

a developer's perspective is usually represented using SysML activity diagrams
[24]. Actions are the fundamental units composing activities and the activity
diagram. Actions are allocated to the structural model using "activity partitions"”,
also known as "swimlanes" [24]. SysML o ers several ways to create activities;
activities pertaining to a specic block; activities independent of structure but

just modeling the functional ow; activities representing an use case.
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On the other hand, interactions are used to describe how di erent structural com-
ponents of RGSS communicate with each other [24]. A SysML sequence diagram
is used to model the RGSS behavior as ordered message exchanges within the sys-
tem components [24]. Messages can be any transfer of matter or service between
the components of a system [24]. Allocation of behavior to structural compo-
nents in a sequence diagram is realized via "lifelines" which acts as the instance of
a system component. Both synchronous and asynchronous interactions are pos-
sible to model using a sequence diagram [24]. Also, sequence diagrams enable
representation of timing constraints thereby making it very useful for executing
simulations and trade-o studies [24]. Often, expressing system behavior using
sequence diagrams is based on its corresponding activity diagrams.

At higher levels of behavior representation both activity diagrams and sequence
diagrams are similar models, but when describing lower level functionalities they
provide di erent information. In this thesis, both the activities and interactions
belong to the use cases, taking up the role of Use Case Narratives (UCNSs). The
high level capabilities of the system that adhere to the stakeholder needs are mod-
eled only using activity diagrams. Figures 4.27, 4.28, and 4.29 describe the "ini-
tialize simulation”,"shutdown simulation”, and "executing simulation” activities,
respectively. The robot grasping simulation is initialized from CSM via MATLAB
integration. A remote connection is then established to CoppeliaSim robot simu-
lator using CoppeliaSim MATLAB remote API. In case of a successful connection,
the desired task scene composed of the desired robot manipulator, gripper, and

scene objects is loaded.
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Figure 4.27: Initialize Robot Grasping Simulation System Activity Diagram

The "shutdown simulation™ activity is similar to that of "initialize simulation”.
Previously established remote connection to CoppeliaSim is closed using Cop-
peliaSim MATLAB remote API. On successful disconnection, the task scene in
CoppeliaSim is replaced by a blank scene followed by deletion of the remote simu-
lation object. The "initialize simulation" and "shutdown simulation" are included

use cases to the "execute simulation" use case. When the "execute simulation”
activity is accomplished, the above mentioned included use cases are also executed
automatically. The functional ow of the "execute simulation” activity is as fol-
lows initialize simulation, start simulation on CoppeliaSim side, CoppeliaSim
executes the desired simulation, evaluate simulation MOEs, and nally shutdown
simulation. As mentioned above, the activity diagrams so far seen in the the-
sis include swimlanes whose sole purpose is to allocate the behavior models to

structure.
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Figure 4.28: Shutdown Robot Grasping Simulation System Activity Diagram

Figure 4.29: Execute Robot Grasping Simulation System Activity Diagram

After modeling the high level capabilities of the system, we move forward with

the lower level functionalities of the RGSS that express the system needs. In this
thesis, we model the RGSS to perform a simple pick and place task. The states
of the task scenario were modeled based on the MATLAB example "Model and

Control a Manipulator Arm with Robotics and Simscape" , and are as follows
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move the robot manipulator to grasp position, grasp the target object, lift

the target object, move the robot manipulator to grasp departure position, move
the robot manipulator to place approach position, move the robot manipulator to
place position, place the target object, and move the robot manipulator to grasp
approach position.

The AD and SD in Figures 4.30 and 4.31, respectively, model the robot manipu-
lator motion to reach the grasp position. The behavior is initiated by the robot
manipulator script. A collision-free and kinematically feasible path is planned to
the grasp position. A solution path in terms of joint space and desired trajectory
parameters such as velocity, acceleration is set to the robot manipulator joints

until the robot manipulator reaches the grasp position.

Figure 4.30: Move Robot Manipulator to Grasp Position Activity Diagram

Figure 4.31: Move Robot Manipulator to Grasp Position Sequence Diagram
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Once the robot manipulator reaches the grasp position, the target object should be
grasped. Figures 4.32 and 4.33 represent this behavior. The AD for this behavior
is modeled as a simple ow chart without any behavior allocation to structure. The
behavior is initiated by moving the robot manipulator to grasp position followed
by closing the multi- nger gripper. The behavior ends only when the multi- nger

gripper applies a force greater than the Coulomb friction force on the target object.

Figure 4.32: Grasp the Target Object Activity Diagram

Figure 4.33: Grasp the Target Object Sequence Diagram

In the SD, additional details are embedded, such as expressing the desired time

to acquire the target object. Also, we can see the behavior allocation to structure
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via the lifelines in the SD. Once the multi- nger gripper grasps the target object
with su cient force, we lift the target object to a desired height. The ADs of this
behavior can be seen in Figures 4.34 and 4.36. Whereas the SDs of this behavior

are described in Figures 4.35 and 4.37.

Figure 4.34: Lift the Target Object Activity Diagram

This behavior stops only when the target object is lifted to the desired height
without dropping or damage. In order to satisfy the above condition, we routinely
check the applied force and the Coulomb friction force. If the applied force drops
below the Coulomb friction force, we command to close the multi- nger gripper

to further increase the applied force.
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Figure 4.35: Lift the Target Object Sequence Diagram

Figure 4.36: Move Robot Manipulator to Grasp Departure Position Activity Dia-
gram
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Figure 4.37: Move Robot Manipulator to Grasp Departure Position Sequence
Diagram

After lifting and holding the target object at the desired height, the robot manip-
ulator moves to place approach position with the target object. This behavior is
depicted in Figures 4.38 and 4.39. Completion of this behavior is the same as that
of lifting in order to avoid dropping or damage of the target object, while moving

towards place approach position.

Figure 4.38: Move Robot Manipulator to Place Approach Position Activity Dia-
gram

The next stage in the task is to place the target object within an acceptable region.
The ADs in Figures 4.40 and 4.42, and SDs in Figures 4.41 and 4.43, respectively,
serve the purpose of expressing this behavior. From the place approach position,
the robot manipulator moves to the place position with the target object. While
executing this behavior, we make sure that the target object does not collide with
the other scene objects. On reaching the place position, the multi- nger gripper

is commanded to open.
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Figure 4.39: Move Robot Manipulator to Place Approach Position Sequence Dia-
gram

Figure 4.40: Move Robot Manipulator to Place Position Activity Diagram

Once the multi- nger gripper is opened to reach the initial con guration, the
behavior comes to an end. Similar to the grasping and lifting behavior AD, the

placing behavior AD is also modeled as a ow chart.
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Figure 4.41: Move Robot Manipulator to Place Position Sequence Diagram

Figure 4.42: Place the Target Object Activity Diagram

The nal stage in the pick and place task scenario is moving the robot manipulator
back to its initial con guration i.e. the grasp approach position. Figures 4.44 and
4.45 are the corresponding AD and SD that express this behavior. This behavior

is executed only on successfully placing the target object.
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Figure 4.43: Place the Target Object Sequence Diagram

Figure 4.44: Move Robot Manipulator to Grasp Approach Position Activity Dia-
gram

We can further go one level lower and describe system behaviors that aid the pre-
viously described task scenario stages. The grasping, lifting, and placing states
require the multi- nger gripper to exhibit opening and closing functionalities. Fig-

ures 4.46, 4.47, 4.48, and 4.49 depict these lower level behaviors of the multi- nger

gripper.
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Figure 4.45: Move Robot Manipulator to Grasp Approach Position Sequence Di-
agram

Figure 4.46: Open Gripper Activity Diagram

In order to close the multi- nger gripper, a negative joint target velocity is set.
Alternatively, a target joint position or force can also be set in order set the gripper
ngers in motion. Similarly, a positive joint target velocity opens the multi- nger
gripper. The closing of the multi- nger gripper behavior is executed when the
grasping and lifting behaviors are executed. On the other hand, the opening of

the multi- nger gripper behavior is called when the placing behavior is exhibited.
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Figure 4.47: Open Gripper Sequence Diagram

Figure 4.48: Close Gripper Activity Diagram

Figure 4.49: Close Gripper Sequence Diagram
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Figure 4.50: Plan Collision-free Robot Manipulator Path Activity Diagram

Figure 4.51: Plan Collision-free Robot Manipulator Path Sequence Diagram
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The AD and SD in Figures 4.50 and 4.51, respectively model the motion planning
capabilities of the RGSS. They describe planning of a collision-free and kinemat-
ically feasible path via the Open Motion Planning Library (OMPL) plugin in
CoppeliaSim. Finally, another fundamental lower level capability of the RGSS,

collision detection is modeled in Figures 4.52 and 4.53.

Figure 4.52: Collision Detection Activity Diagram

Figure 4.53: Collision Detection Sequence Diagram
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4.7 Requirements Matrices

As discussed in Section 4.3, complex interrelationships between requirements and
other SysML entities can be expressed by matrices, tables, diagrams, and maps.
In this section, we see how to describe the trace and satisfy relationships of the
stakeholder and system requirements via matrices. The trace relationship connects
requirements and model elements to source documentation. Here, we present two
Requirement Traceability Matrices (RTM) [24]. First, we trace our 5 MOESs to

the stakeholder requirements document, which acts as the source documentation.

Figure 4.54: Stakeholder speci cation and MOESs traceability

From Figure 4.54, we can clearly see that each MOE is traced to at least one
stakeholder requirement. Also, every stakeholder requirement acts as a source
requirement for at least one MOE. This fundamentally means that our evalua-
tion metrics address all the stakeholder requirements. Second, in Figure 4.55, the
system requirements are traced to the stakeholder requirements. Again all our
system requirements are traced to at least one stakeholder requirement, and ev-
ery stakeholder requirement acts as a source requirement for at least one system
requirement. This ensures that our RGSS system needs adhere to the stakeholder

expectations and there is no unnecessary system requirement.
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Figure 4.55: RGSS Requirements Traceability Matrix

We also describe the satisfy relation via a matrix notation, which is usually known
as the Requirement Allocation Matrix (RAM). In this matrix, we express how
well the system requirements are allocated to the system model [24]. It is a
way to identify which system structure and behavior elements satisfy the system
requirements [24]. In Figure 4.56, it is clear that all the system requirements are
satis ed by our RGSS structure and behavior models. On the other hand, not
all model elements are rdesponsible for satisfying the system requirements. This
is still ne because a signi cant amount of our RGSS modeling involves elements

related by generalization and need not satisfy any requirement if not used.
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Figure 4.56: RGSS Requirement Allocation Matrix

4.8 Robot Grasping Simulation System (RGSS)
Design Space

One of the objectives of this thesis, is to perform trade-o studies for the robot
grasping system. In this section, the rst step towards this objective is described,
which is de ning the design space. We start with formalizing the stakeholder
and system speci cations, followed by modeling the structural and behavioral
aspects of the RGSS. The system requirements place design constraints, that in
turn adhere to the stakeholder requirements. Keeping in mind the constraints
from the stakeholder and the system developer, we choose design options with
parameters that enable us to evaluate the MOPs and MOEs described in Section
4.4. The design parameters chosen in this thesis are the number of gripper ngers
(d1), gripper nger mass in Kg (d2), gripper base mass in Kg (d3), maximum
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gripper nger velocity in m/s (d4), maximum gripper force in N (d5), gripper
material friction coe cient (d6), maximum robot manipulator velocity in m/s
(d7), planning algorithm (d8), and maximum planning calculation time in seconds
(d9).

The design parameters mentioned above, at the system level, attribute to the
robot manipulator, multi- nger gripper, robot actuator, and planning algorithms
blocks in our RGSS system level BDD. Unlike most MBSE applications, in this
thesis, we want to perform trade-o studies on both structural and behavioral
aspects of the system. This idea is re ected by having the design parameter,
maximum planning calculation time, that determines the behavior of the RGSS
motion planning capability. With this being said, we continue our process by
obtaining design options that are a ected by the design parameters. We choose
the UR10 robot manipulator, Kinova KG-2 and KG-3 multi- nger grippers, with
each having two di erent weight options, Kinova KA-58 linear actuator, and RRT,
TRRT, and STRIDE planning algorithms as our design options. The Universal
Robots UR10 is a 6 Degree of Freedom (DOF) collaborative industrial robotic
arm known for its exibility, light weight, and user-friendly control. It has a
payload of 10 Kg and working radius of 1.3 m. Each joint is capable of 360
rotation. By default, the tool ange can reach a maximum velocity of 1.0 m/s.
These speci cations make the UR10 suitable for rapid automation. The Kinova
KG-2 is a 2 nger gripper, whereas the KG-3 is a 3 nger gripper. Both multi-
nger grippers are lightweight and under-actuated, with one linear actuator per
nger. Therefore, the KG-2 gripper has 2 linear actuators and the KG-3 has 3
linear actuators. The maximum force applied by the KG-2 is 25 N, whereas the
KG-3 can apply 40 N. Both the KG-2 and KG-3 grippers are capable of opening
or closing within 1.2 s. The linear actuator we choose to actuate the grippers is
the KA-58. Figure 4.57 illustrates the design models discussed above.

One robot manipulator, four multi- nger grippers, one robot actuator, and three

planning algorithms with three di erent maximum planning calculation times,
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generate 72 di erent design alternatives. Table 4.3 outlines the 72 design options

with their corresponding design parameters.

(a) UR10 Robot Manipulator (b) Kinova KG-3 Multi- nger Gripper

(c) Kinova KG-2 Multi- nger Gripper

(d) Kinova KA 58 Linear Actuator

Figure 4.57: RGSS Design Options
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DesignID|dl|d2 |d3 |d4 |d5|d6 |d7 | d8 d9
1 3 /03/04]/0.04|10|0.7| 05| RRT 4
2 3 /03/04]/0.04|10(0.7| 05| RRT 6
3 3 103/04]/0.04|10|0.7| 05| RRT 8
4 3 /03/04/0.04|10|0.7|05| TRRT 4
5 3 /03/04|/0.04/10|0.7| 05| TRRT 6
6 3 [/03/04|/004|10|0.7|05|TRRT 8
7 3 103/04/0.04|10|0.7, 05| STRIDE | 4
8 3 /03/04]/0.04|10|0.7| 05| STRIDE | 6
9 3 /03/04]/0.04/10|0.7| 05| STRIDE | 8
10 3 103{04/004|10|0.7|1 RRT 4
11 3 103/04/004|10|0.7|1 RRT 6
12 3 /03/04/004/10(0.7|1 |RRT 8
13 3 103{04/004[10|0.7|1 TRRT 4
14 3 103{04/004|10|0.7|1 TRRT 6
15 3 /03/{04/004/10(0.7|1 |TRRT 8
16 3 /03/04/004/10({0.7|1 |STRIDE |4
17 3 103{04/004{10|0.7|1 STRIDE | 6
18 3 103/04/004|10|0.7|1 STRIDE | 8
19 2 /03/04]/004|10(0.7| 05| RRT 4
20 2 /03/04/0.04|10(0.7| 05| RRT 6
21 2 /03/04/004|10|0.7|05|RRT 8
22 2 103/04/0.04|10|0.7|05]| TRRT 4
23 2 /03/04|/0.04|10|0.7|05| TRRT 6
24 2 [{03/04|/004|10|0.7|05| TRRT 8
25 2 103/04/0.04|10|0.7, 05| STRIDE | 4
26 2 /03/04/0.04|10(0.7| 05| STRIDE | 6
27 2 /03/04/0.04/10(0.7| 05| STRIDE | 8
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DesignID|dl|d2 |d3 |d4 |d5|d6 |d7 | d8 d9
28 2 103/04/004/10(0.7|1 |RRT 4
29 2 /03/04/004/10(0.7|1 |RRT 6
30 2 103[{04/004|10|0.7|12 RRT 8
31 2 103/04/004/10(0.7|1 |TRRT 4
32 2 103/04/004/10(0.7|1 |TRRT 6
33 2 103[{04/004|10|0.7|1 TRRT 8
34 2 103[{04/004|10|0.7|12 STRIDE | 4
35 2 103/04/004/10(0.7|1 |STRIDE |6
36 2 /03/04/004/10(0.7|1 |STRIDE |8
37 3 /02/02]/0.04|10|0.7|05|RRT 4
38 3 10.2/0.2]0.04|10|0.7|0.5| RRT 6
39 3 10.2/0.2/0.04/10|0.7| 05| RRT 8
40 3 10202004 10|0.7|05| TRRT 4
41 3 /0202004 10|0.7|05| TRRT 6
42 3 102/0.2/0.04|10|0.7| 05| TRRT 8
43 3 /02/0.2/0.04/10({0.7| 05| STRIDE | 4
44 3 [/0.2/02]/0.04|10|0.7|0.5| STRIDE | 6
45 3 102/02(004|10|0.7|0.5| STRIDE | 8
46 3 102[02[004/10(0.7|1 |RRT 4
47 3 102/02[004/10(07|1 |RRT 6
48 3 /102/02[004/10(0.7|1 |RRT 8
49 3 102[02[004/10(0.7|1 |TRRT 4
50 3 102/02[004/10(0.7|1 |TRRT 6
51 3 /102/02/004/10/0.7|1 |TRRT 8
52 3 102[02/004|10|0.7|1 STRIDE | 4
53 3 102/02/004/10(0.7|1 |STRIDE |6
54 3 10202004/ 10(0.7|1 |STRIDE |8
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DesignID|dl|d2 |d3 |d4 |d5|d6 |d7 | d8 d9
55 2 10202004/ 10(0.7| 05| RRT 4
56 2 10202004/ 10(0.7| 05| RRT 6
57 2 /02/02][004|10|0.7|05|RRT 8
58 2 10202004/ 10|0.7| 05| TRRT 4
59 2 10202004/ 10|0.7| 05| TRRT 6
60 2 [{02/02]/004]|10|0.7|05| TRRT 8
61 2 [02]02]/004|10|0.7|05| STRIDE | 4
62 2 102/02/0.04/10(0.7| 05| STRIDE | 6
63 2 10202004/ 10|0.7| 05| STRIDE | 8
64 2 /02/02[004/10(0.7|1 |RRT 4
65 2 10202004/ 10|07|1 RRT 6
66 2 102/02/004/10(0.7|1 |RRT 8
67 2 /02020041007 |1 |TRRT 4
68 2 /02/02/004/10/0.7|1 |TRRT 6
69 2 102/02/004/10(07|1 |TRRT 8
70 2 10202004/ 10{0.7|1 |STRIDE | 4
71 2 /020200410 0.7|1 |STRIDE |6
72 2 10202004/ 10|07|1 STRIDE | 8

Table 4.3: RGSS Design Space
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Chapter 5

Robot Task Simulation and

Trade-o Analysis

5.1 Overview

In the previous chapter, the RGSS was modeled based on MBSE principles, using
CSM. The main focus of this chapter is to realize the RGSS via simulation, in
order to verify and validate the structural, behavior, and requirement models. In
addition to simulation based veri cation and validation, a trade-o analysis is also
performed to choose the optimal design option or a set of optimal design options
for the given task requirements and criteria. The remaining sections in the chapter

discuss the tools used to carry out the above mentioned goals.

5.2 CoppeliaSim Robot Simulation

Due to limitations in budget and schedule, veri cation, validation, and testing of
robotic system designs prove expensive and time consuming. In order to accelerate
the prototyping phase, and enable an e ective and e cient design implementation,
lately, many simulators and simulation approaches have been utilized [27], [28].
In this thesis, we use CoppeliaSim robot simulator to simulate the desired task
using di erent design options and evaluate its corresponding MOEs, to perform

trade-o studies later.
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5.2.1 CoppeliaSim Capabilites

CoppeliaSim is a 3D robot simulator that provides huge exibility to the end user
via its versatile and scalable framework [29]. [29] outlines the distributed control
architecture of CoppeliaSim, where each element in the simulation can be con-
trolled individually. The CoppeliaSim model library is large and consists of com-
monly used mobile robots, robot manipulators, grippers, and sensors. Currently,
it supports 6 programming approaches namely Robot Operating System (ROS)
nodes, embedded scripts, remote clients, plugins, BlueZero nodes, and add-ons. In
addition to these approaches, CoppeliaSim allows the end user to write controllers
using C/C++, Python, Java, Lua, Matlab or Octave. An important feature that

a robot simulator requires is a physics simulator that can simulate rigid body kine-
matics and dynamics accurately, e ectively, and e ciently. CoppeliaSim supports
four di erent physics engines Bullet, Vortex, Open Dynamics Engine (ODE),
Newton to simulate real world physics and interactions. We use Vortex multi-
body physics engine in this thesis, owing to its high-precision physics simulation
and exibility to vary simulation parameters with real life values. Finally, Cop-
peliaSim also supports motion planning functionality using OMPL [29]. All the
above mentioned features make CoppeliaSim a great candidate to demonstrate the

MBSE techniques discussed in Chapter 4.

5.2.2 Vortex Multi-body Physics Engine

Vortex multi-body physics engine is responsible for simulating multi-body dynam-
ics in the commercial Vortex software. It manages accuracy, speed, and stability,
the three fundamental aspects of a simulation, uniquely, in order to produce high
precision, interactive physics modeling. Though Vortex is primarily a rigid body
physics simulator, varying certain parameters can produce approximated soft body
simulations. A single time-step of Vortex physics simulation consists of several

stages executed in order. We will brie y go through the work ow involved with
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Vortex multi-body physics engine in this section. The rst stage models the colli-
sion between rigid bodies by generating contact constraints. Contact constraints
are formulated by performing a series of overlap tests (detecting intersection be-
tween rigid body collision geometries) and combining the results with friction and
non-penetration constraints. In stage 2, automatically generated contact con-
straints from stage 1 are combined with user speci ed constraints and are used to
partition the set of rigid bodies into multiple subsets. Thus, this stage is called the
partitioner and acts as a preparation step for the following stages in the work ow.
Partitions that are not related by a constraint are processed as independent simu-
lations, whereas partitions that are related by a constraint are coupled. The nal
two stages are the constraint solver and integrator. The partitions are processed
by constraint solver to compute forces and torques applied by the constraints on
the respective rigid bodies. Uncoupled and coupled partitions are processed di er-
ently as mentioned above. After computing the forces and torque, the rigid bodies
are moved to their new locations in the integrator stage. The di erent stages that
make up the Vortex physics simulations are exible enough for the end user to

create customized simulations.

5.3 Pick and Place Task Simulation

This section describes the task for which the RGSS is modeled and simulated. As
mentioned in Section 4.4.2 we simulate a pick and place task. In order to simplify
the task, the following assumptions were made. We do not use any external
sensors such as cameras or proximity sensors to obtain object information (type,
pose, shape). Only force sensors are used to read the amount of force applied
by the gripper on the object. Predetermined waypoints are used to perform the
sub-tasks comprising the task. Contact point generation also does not fall within

the scope of this thesis.

74



5.3.1 Simulation Scene Setup

Section 4.8 describes our design options, which consist of the robot manipulator
and multi- nger gripper models, the planning algorithms, and all the design pa-
rameters associated with them. These models are available in the CoppeliaSim
model library and are used to build the task simulation scene. The design param-
eters of these models are varied as follows. CoppeliaSim allows the end user to
modify the model variables such as geometry, material properties, model dynamics
through the Scene Object Properties feature. Also, we can set each model in the
task scene to be static or dynamic.

The maximum velocity of the UR10 is varied in the UR10 simulation script and
every component of the UR10 is set as a dynamic model, thereby the interactions
are simulated by the Vortex physics engine. The KG-2 and KG-3 multi- nger
gripper joint velocity and force are varied using Joint Scene Object Properties
feature. We can also set the type of joint control via this feature. The material
properties of the KG-2 and KG-3 grippers, such as friction coe cient, compliance,
skin thickness can be varied for each component of the model individually by the
Vortex physics engine Material Properties feature. This feature also enables the
end user to select di erent types of friction models that the physics engine can use
for the dynamics computation. The design parameters pertaining to the planning
algorithms such as algorithm type, maximum planning calculation time, maximum
planning simpli cation time can be varied using the CoppeliaSim OMPL plugin

in a simulation script.

75






	List of Figures
	List of Tables
	Introduction
	Overview
	Literature Review
	Problem Statement
	Thesis Contribution
	Thesis Outline

	Contact Modeling
	Overview
	Contact Modeling Approaches in Literature
	Contact Kinematics
	Regular Contact Kinematics
	Generalized Contact Kinematics


	Robot Grasping
	Introduction
	Multi-finger Grasping
	Multi-finger Grasp Basics
	Equilibrium Grasps
	Secure Grasps
	Form-Closure/Immobilizing Grasp
	Force closure/Wrench Resistant Grasp


	Multi-finger Grasp Quality
	Rigid-Body Kinematics Based Grasp Quality Measures
	Grasp Matrix Based Quality Measures
	Minimum Singular Value of Grasp Matrix
	Volume of Grasp Matrix Ellipsoid
	Isotropy of Grasp Matrix Ellipsoid

	Grasp Polygon Based Quality Functions
	Grasp Polygon Regularity Index
	Distance between Grasp Polygon Centroid and Grasp Object Center of Mass

	Contact Force Magnitude Based Quality Functions
	Resistance via smallest maximum wrench



	Model-Based Systems Engineering Approach to Robot Grasping
	Overview
	Model-based Systems Engineering (MBSE) Approach
	Systems Modeling Language (SysML) Standard
	Cameo Systems Modeler (CSM)

	Robot Grasping Simulation System (RGSS) Requirements Management
	Robot Grasping Simulation System (RGSS) Metrics
	Robot Grasping Simulation System (RGSS) Structural Diagrams
	Robot Grasping Simulation System (RGSS) Behavioral Diagrams
	Robot Grasping Simulation System (RGSS) Use Case Diagram (UCD)
	Robot Grasping Simulation System (RGSS) Activity Diagrams (AD) and Sequence Diagrams (SD)

	Requirements Matrices
	Robot Grasping Simulation System (RGSS) Design Space

	Robot Task Simulation and Trade-off Analysis
	Overview
	CoppeliaSim Robot Simulation
	CoppeliaSim Capabilites
	Vortex Multi-body Physics Engine

	Pick and Place Task Simulation
	Simulation Scene Setup

	RGSS Trade-off Analysis
	Component Selection Problem
	Multi-Objective Optimization
	RGSS Objective Space
	Robot Grasping Simulation System (RGSS) Verification & Validation
	Trade-off Analysis Formulation & Results
	Linear Weighted Sum Method
	-Constraint Method & MAVF Analysis



	Conclusion and Future Work
	Bibliography

