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Abstract

Visual servoing has been introduced as a promising solution for sensor-based robotic applica-
tions. The basic visual servoing task is to guide the motion of a robot with respect to a target
object based on the feedback obtained through a vision system. Despite their popularity,
Image-Based Visual Servoing (IBVS) schemes suffer from stability and convergence issues.
Moreover, in IBVS techniques, there is no direct control over the image/camera/robot tra-
jectories induced by the servoing loop in the image and physical spaces. Therefore, these
trajectories might violate the image and/or physical constraints usually encountered in vi-
sual servoing tasks. Incorporating path planning strategies into the visual servo loop is a
promising effort towards accounting for a variety of constraints.

In this thesis, we propose a general and global path planning framework for image-based
control built on the efficiency and success of randomized sampling-based path planning tech-
niques. The proposed planner explores the camera planning space for permissible camera
trajectories satisfying image constraints (e.g., camera field of view and occlusions) and si-
multaneously tracks these trajectories in the robot configuration space to check for robot
kinematic constraints and collision with obstacles. The exploration in camera planning
space follows a tree-based randomized planning scheme and a local controller is used to
track camera trajectories in the robot configuration space. The proposed framework yields
global trajectories for the whole robotic system. The solution trajectory is projected into
the image space to obtain the corresponding feature trajectories pertinent to a target ob-
ject. An image-based visual servoing scheme is then adopted to execute the solution feature
trajectories.

We implemented the proposed framework on a 6 degrees of freedom (DOF) robotic
arm and a 9-DOF wheeled mobile manipulator. The effectiveness of the proposed planning
scheme in accounting for a variety of image and physical constraints is shown through a
number of real world experiments. We also provide an empirical study on the performance

of the image-based trajectory tracking scheme under modeling and calibration uncertainties.
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Chapter 1

Introduction

1.1 Visual Servoing: Basic Techniques and Issues

The role of vision as a sensor for autonomous machines to interact with complex, unknown,
and dynamic environments is paramount. Visual servoing has been introduced as a promis-
ing approach for sensor-based robotic tasks such as positioning a robot with respect to a
target and tracking a moving target via estimating its 3D motion, i.e. egomotion analysis
using vision. The basic visual servoing task is to guide the motion of a robot with respect
to a target object based on the feedback obtained through a vision system [40]. Figure 1.1
shows an example of a visual servoing task where the aim is to reach the desired view of
the target features, i.e., black dots (Figure 1.1(b)) from the current location of the robot
(Figure 1.1(a)).

Usually an error function e (also called task function [30]) is defined as

e(t) =s(r(t)) —sq (1.1)

where s and sy denote the current and desired features, respectively, extracted from the
image feedback, and r is the robot/camera location. The visual servoing objective is to
regulate this error to zero. The term s(r(¢)) shows the fact that the features change as
the robot /camera location change with respect to the target object. In visual servoing this
change is captured in form of image interaction matriz, Lg i.e.

_ Os

L= =
or

(1.2)

The existing visual servoing techniques are classified into different categories based on

the definition of error function, the underlying control architecture, and the robot-camera
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Figure 1.1: The visual servoing task is to guide the motion of a robot with respect to a
target object based on the feedback obtained through a vision system. An error function
is defined between the current and the desired features extracted from the images taken at
the current (left) and the desired (right) robot/camera locations. The visual servoing task
is to regulate this error to zero.

configuration (i.e., eye-in-hand vs. eye-to-hand configuration!). For a detailed review on
existing techniques and their classification see [11], [12], and [40].

In contrast to position-based visual servoing (PBVS), where the control is performed in
the task space based on the 3-D information retrieved from image, in IBVS techniques, the
feedback is defined based on image features and the control loop is closed directly within
the image. This results in a more robust control in presence of calibration and modeling
errors [62], and hence adding to the popularity of IBVS methods.

In [10], through simple, yet, effective examples, Chaumette outlined the potential prob-
lems of stability and convergence of IBVS techniques: singularities in image Jacobian leading
to an unstable behavior, and reaching local minima due to the existence of multiple camera
poses yielding almost the same terminal image of the target. Moreover, in IBVS techniques
there is no direct control over the image/camera/robot trajectories induced by the servoing
loop in the image and physical spaces. Therefore, these trajectories might violate the image
and/or physical constraints.

The image constraints normally encountered in practice include: field of view limits, i.e.
the target may become invisible because it is outside of the camera’s field of view; occlusion
constraints, i.e., the target may be occluded due to obstacles, robot body, or self-occlusion;
the physical constraints include: robot kinematics such as joint limits, singularities in robot

Jacobian, robot/camera dynamic constraints, and collision with obstacles or self-collision.

n an eye-in-hand configuration the camera is mounted on the end-effector of the robot and robot’s
motion results in camera’s motion while in an eye-to-hand configuration, the camera is stationary and looks
at the end-effector of the robot and robot’s motion does not affect the camera pose [40].
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These constraints are discussed with more details in Chapter 2 (also see [43]).

Since Chaumette’s article [10] on the stability and convergence problems of IBVS tech-
niques, research efforts in visual servoing have been devoted to incorporate the above image
and physical constraints into the reactive visual servoing loop. Earlier works include parti-
tioned and switched strategies. In contrast with partitioned strategies (e.g., [64, 33]), where
certain degrees of freedom are controlled via IBVS while others are controlled via PBVS,
switched strategies consist of a set of visual servo controllers along with a switching rule
(e.g., [27, 32]). Partitioned techniques take advantage of both IBVS and PBVS techniques in
avoiding some of the above constraints, while switched strategies enlarge the stability region
of classical visual servoing techniques by switching between a set of unstable controllers to
make the overall system stable.

Pertinent literature on partitioned and switched strategies indicated that only a small
subset of the above mentioned constraints can be incorporated (see the review in [43]).
Incorporating a global and general path planning strategy into the visual servo loop seems a
promising effort towards addressing all the aforementioned constraints, especially in complex

visual servoing scenarios.

1.1.1 Path Planning for Robust Visual Servoing

The main idea of path planning for visual servoing [69, 43] is to plan and generate feasible
image feature trajectories while accounting for the constraints, and then to servo the robot
along the planned trajectories. Overall, this results in a more robust servoing process with
respect to violation of image and physical constraints. Here we briefly discuss the major
works done in this area. The reader is referred to the comprehensive survey in Chapter 2
for more details.

Avoiding field of view limits and robustness to camera calibration and modeling errors
motivated a number of techniques aimed at interpolating a path directly in the image space
between the initial and desired images without using any knowledge of camera calibration
or target model. Various results from projective geometry have been applied in this context
including: epipolar geometry [38, 75], projective homography [70, 82, 51, 1, 8|, and projective
invariance [62]. The main advantage of these approaches is their insensitivity to camera
calibration and/or object model errors. One of the difficulties in these techniques is that the
planned path in the image may not correspond to a feasible camera motion. Moreover, since
the planning is done directly in the image space, satisfying physical constraints (e.g., joint

limits and obstacles) will be very challenging through such approaches lending themselves
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to be ineffective in complex visual servoing scenarios.

Potential fields (as in [46]) have been employed in the context of visual servoing in face
of constraints (e.g., field of view and joint limits [69], or obstacle avoidance behavior [27])
by applying repulsive potentials in the image, joint, and/or task spaces. One of the main
advantages of potential field-based approaches is that they can be employed in real-time
applications. As an inherent deficiency of potential field-based path planning methods, the
above strategies are prone to getting trapped in local minima. As a remedy, global navigation
functions [55] could be employed instead. For example, a global stabilizing strategy using
navigation functions is presented in [22], which guarantees convergence to a visible goal from
almost every initial visible configuration while maintaining viability of all features along the
way. However, one should note that constructing such navigation functions is limited to
very simple scenarios only.

There is also a substantial body of literature aimed at finding globally optimal paths
with respect to various costs (e.g., distance from the image boundary, length of the path
traversed by the robot, energy expenditure, etc.): planning closed-form collineation paths
corresponding to minimum energy and minimum acceleration camera paths [70], optimiza-
tion over polynomial parametrization of the scaled camera paths [18, 16], convex optimiza-
tion using Linear Matrix Inequality (LMI) test [14], or techniques based on optimal control
theory such as the visual motion planning using Lagrange Multipliers [91], and geodesic
techniques [7, 59, 37, 79]. Although the above techniques provide a better insight into the
complexity of the problem in finding optimal paths, they are more or less limited to simple
scenarios. Introducing global image/physical constraints greatly adds to the complexity of
the optimization problem and hence, accounting for such constraints through the above
frameworks is either impossible or highly detrimental to their time complexity.

The convergence problems of potential field-based techniques on one hand and the ex-
pensive cost of the above optimization-based techniques on the other hand motivates the
need for general and, yet global, path planning approaches such as randomized sampling-
based techniques [55, 56]. For example, in [3] a probabilistic roadmap approach has been
utilized to plan minimal-occlusion paths for a camera with respect to a target object, which
requires explicit computation of the boundary of visible and occluded regions. They also
employed a dynamic collision checking strategy to check for the field of view limits along

the edges of the roadmap.
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Target object
Image space

Projection

Camera

f1
ratme Local tracking
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Figure 1.2: Our proposed planning framework alternatively explores the camera planning
space and the robot configuration space (C-space) for feasible robot/camera paths to obtain
feasible feature trajectories in image space.

1.2 Randomized Path Planning for Visual Servoing

We incorporated sampling-based global path planning with visual servoing for a robotic arm
equipped with an in-hand camera [41]. The proposed planner explores the camera task space
(i.e., space of camera poses) for camera paths satisfying field of view limits and occlusion
constraints, and utilizes a local planner to track these paths in the robot’s joint space to
ensure feasible motions of the robot while accounting for robot’s joint limits and collision
with obstacles. The result is a search tree as in [50], which alternatively explores the camera
and joint spaces (see Fig.1.2). The solution camera trajectories are then projected into the
image space to obtain the corresponding image feature trajectories, which require proper
time-scaling and smoothing to be executed using an image-based visual servoing technique.

We extended the work in [41] and proposed a kinodynamic planning approach [42],
which performs kinodynamic planning for the camera in its state space while taking its
dynamic constraints into account. Unlike the kinematic path planning approach in [41],
which requires an additional (cubic) spline interpolation step to properly time scale the
feature trajectories and obtain smooth trajectories (e.g., see [69]), the solution trajectories
obtained using the proposed kinodynamic planning framework are (by construction) C'-
smooth with bounded acceleration and require no further post-processing to be executed

smoothly using an IBVS technique (see Figure 1.3).
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Figure 1.3: Our proposed randomized kinodynamic planner extends a search tree in camera
state space.

1.3 Contributions

The main contribution of this thesis is to incorporate randomized path planning techniques
with image-based control of robotic arms and wheeled mobile manipulators. To the best
of our knowledge, this is the first attempt on incorporating randomized path planning
approaches with image-based control. In contrast to previous works, the proposed planning
framework provides a general and efficient planning strategy, which incorporates a variety
of image and physical constraints encountered in visual servoing tasks.

The contributions of the thesis are detailed as follows:

e We carried out a comprehensive literature survey on existing path planning techniques
for visual servoing. The survey covers both basic and state of the art strategies in the
area, explains how each strategy works, and also discusses its benefits and drawbacks in
comparison with other techniques. This survey has been published as a book chapter
in [43] providing a unique and comprehensive background on path planning for visual

servoing.

e Inspired by the work of Yao and Gupta on path planning with general end-effector
constraints [90], we devised and implemented a kinematic planning strategy through
which feasible image feature trajectories are generated by alternate exploration of
camera workspace (i.e., space of camera poses) and robot configuration space. The
feature trajectories correspond to feasible camera-robot trajectories that satisfy image
and physical constraints imposed by the visual servoing tasks. The (kinematic) solu-
tion trajectories are non-smooth and require proper time-scaling/smoothing so they

can be executed using an image-based visual servoing strategy. This work has been
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published in [41].

e We extended the above kinematic planning approach by accounting for camera dy-
namics via a randomized kinodynamic planning strategy in camera state space, i.e.
space of camera poses and velocities [42]. The solution trajectories obtained using the
proposed kinodynamic planning approach are (by construction) C'-smooth trajecto-
ries with bounded acceleration and require no time-scaling/smoothing to be executed.
This thesis presents the development and implementation of the proposed randomized
kinodynamic planning strategy on a 6-DOF robotic arm with an in-hand camera. The
robotic arm is servo controlled along the planned feature trajectories using an image-
based visual servoing technique. We have performed a number of experiments on a real
6-DOF robotic arm to show the effectiveness of the proposed strategy in accounting
for image and physical constraints to accomplish visual servoing tasks in complex envi-
ronments. We also carried out an empirical study on the effect of modeling/calibration
uncertainties on the performance of the image-based trajectory tracking controller in
contrast with a joint space trajectory tracking strategy. This work has been published
in [45].

e We also extended the proposed planning framework to wheeled mobile manipulators.
Although the extension of the proposed planning framework to wheeled mobile manip-
ulators is straightforward and (almost) follows the same strategy developed for robotic
arms, we adapted a decoupled control strategy to execute the solution trajectories: the
on-board robotic arm is servo controlled along the planned feature trajectories using
an image-based visual servoing technique while the mobile platform is controlled along
its planned trajectory in the workspace. To the best of our knowledge, this is consid-
ered the first attempt to integrate the planning and image-based control for wheeled
mobile manipulators. We performed preliminary experiments by executing planned
trajectories on a 9-DOF wheeled mobile manipulator to accomplish a visual servoing
task. This work has been published in [44].

1.4 Outline of Thesis

This thesis is structured as follows:

e Chapter 2: provides a comprehensive literature survey on existing path planning
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techniques for visual servoing. It enumerates the image and physical constraints en-
countered in visual servoing tasks and explains their challenges. It categorizes the
existing path planning techniques into four groups: (1) direct path planning in image
space, (2) potential field-based strategies, (3) global parameterization and optimiza-
tion techniques, and (4) global path planning. This survey has been published as a
book chapter in [43].

e Chapter 3: explains the details of our proposed planning framework. It talks about
the solution methodology for incorporating path planning with image-based control.
We discuss the proposed randomized kinematic planning strategy and its extended
kinodynamic version. We also explain how each of the image and physical constraints
is accounted for through the proposed planning framework. We implemented the
proposed planning framework on a 6-DOF robotic arm (Chapter 4) as well as a 9-DOF
wheeled mobile manipulator (Chapter 5), a non-holonomic mobile platform with an

on-board robotic arm.

e Chapter 4: provides and discusses the implementation of the proposed kinodynamic
planning framework on a 6-DOF robotic arm with an in-hand camera. We explain
the implementation of the image-based visual servoing technique to track the planned
feature trajectories along with our system/software architecture. This chapter also
presents the results of our extensive experiments on our 6-DOF robotic arm to accom-
plish a number of visual servoing tasks in complex environments. The effectiveness of
the proposed planning framework in accounting for image and physical constraints is
demonstrated through the results presented in this chapter. Moreover, we also discuss
the effect of modeling/calibration uncertainties on the performance of the proposed
framework in tracking the planned trajectories through the results of a number of

simulated experiments presented in this chapter.

e Chapter 5: extends the implementation of the proposed framework to the case of a
9-DOF wheeled mobile manipulator. We explain the extension of the planning frame-
work by introducing a null-space optimization technique combined with a weighted
pseudo-inverse inverse kinematic control to benefit from the redundancy of such sys-
tems towards increasing the manipulability and achieving coordination along the so-
lution trajectories. We also explain the details of a decoupled control strategy that
was adapted and implemented on our 9-DOF wheeled mobile manipulator to execute

the solution trajectories.
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e Chapter 6: concludes the thesis and discusses future directions to this line of research.



Chapter 2

Literature Survey

This chapter provides a comprehensive technical review of existing major approaches to
path planning for visual servoing. We provide an overview of each planning approach,
explain the associated set of constraints and assumptions, and discuss the underlying path
planning techniques along with the issues regarding their integration with reactive visual

servo controllers.

2.1 Introduction

The existing visual servoing techniques are classified into different categories based on the
definition of error function, the underlying control architecture, and the robot-camera con-
figuration (i.e., eye-in-hand vs. eye-to-hand configuration). For a detailed review on ex-
isting techniques and their classification see [11], [12], and [40]. In summary, the existing
approaches can be classified into two main categories: (1) Position-Based Visual Servoing
(PBVS) where the feedback is dened in terms of the 3D Cartesian information derived from
the image(s), and (2) Image-Based Visual Servoing (IBVS) where the feedback is dened
directly in the image in terms of image features.

IBVS techniques have better local stability and convergence in presence of camera cali-
bration and modeling errors. However, they suffer from global convergence problems, and,
hence, will break down, in particular when the initial and desired camera poses are distant
[10]. For example some of the image features might leave the camera’s field of view and
consequently result in failure of the servoing task. Moreover, there is no direct control on
the robot /camera motion induced by the image-based control law. This might result in in-

feasible maneuvers due to the robot’s joint limits and/or collision with workspace obstacles.

10



CHAPTER 2. LITERATURE SURVEY 11

Amalgamation of path planning techniques with reactive image-based visual servoing
strategies can robustify existing image based tracking systems by accounting for critical
constraints and uncertainties in robotics applications where a high disparity between the
initial and desired views of a target is inevitable (e.g., target interception, space docking,
reaching and grasping, etc.). The main idea of path planning for visual servoing is to plan
and generate feasible image trajectories while accounting for certain constraints, and then
to servo the robot along the planned trajectories.

In this survey we provide a comprehensive technical review on existing and recent ap-
proaches to path planning for visual servoing. For each approach the set of constraints
and the assumptions are explained and the underlying path planning technique is discussed
along with the issues regarding its integration with the reactive image-based controllers.

In Section 2.2 we study the two sets of critical constraints in visual servoing context:
(1) image/camera, and (2) robot/physical constraints. The existence of such constraints
motivates the need for path planning techniques aimed at making the servoing process
more robust especially in complex visual servoing scenarios. In Section 2.3 a comprehensive
overview of these approaches and their categorization based on the underlying path planning
techniques are provided. In Section 2.4 we discuss the effect of uncertainties on visual
servoing and report on some recent works aimed at path planning under uncertainty for

visual servoing. Finally, we conclude the survey in Section 2.5.

2.2 Constraints in Visual Servoing

In [10], through simple, yet, effective examples, Chaumette outlined the potential problems
of stability and convergence in both IBVS and PBVS techniques imposed by a number of
constraints. Overall one can divide these constraints into two main categories: (1) Im-
age/Camera, and (2) Robot/Physical constraints. These two categories are detailed as

follows.

2.2.1 Image/Camera Constraints

The image/camera constraints are mainly due to the sensing limits of the vision system or
the inter-relationship between the optical flow (i.e., rate of change) of the features § in the
image space and the camera’s Cartesian velocity I defined through the image Jacobian (also
called interaction matrix) Lg related to image features [40]:

_ 0Os

L= —
or

(2.1)
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These constraints are: (1) field of view limits, (2) image local minima, and (3) singularities
in image Jacobian.

Field of View Limits The camera as a sensing system have certain limitations. For
example the 3D target features projected into the image plane of the camera are visible if
their projections fall inside the boundary of the image. The limits of the image are usually
represented by a rectangular region which determines the visible region of the image plane.
Although in IBVS context the control is directly defined in the image, there is still the
possibility that the features leave the camera’s field of view, in particular when the initial
and desired poses of the camera are distant [10].

Image Local Minima As shown in [10], in IBVS context, image local minima might
occur due to the existence of unrealizable image motions which do not belong to the range
space of image Jacobian Lg. Hence, there does not exist any camera motion able to produce
such unrealizable motions in the image. In general, determining the image local minima is
difficult without considering the specific target location and the initial and desired relative
camera-target locations, which in turn, leads to an exhaustive search for local minima in the
image for each instance of a visual servoing task. As demonstrated in [10], using a nominal
value of image Jacobian estimated at the desired location might be of help to avoid local
minima in visual servoing tasks. But this may lead to peculiar trajectories of features in
the image, which in turn, might violate field of view limits. One should note that the PBVS
techniques are known to be free of image local minima since the task function is defined in
the Cartesian space.

Singularities in Image Jacobian At these singularities, certain camera motions can-
not be achieved by the motion of image features in the image space. Several cases of image
singularities have been considered in [10]: the image Jacobian Lg is known to be singular if
the vector of image features s consists of the image of (1) three collinear points, or (2) three
points belonging to a cylinder containing the camera optical center. Although using more
than three non-coplanar points will avoid such singularities, the image Jacobian may still
become singular no matter how many feature points (irrespective of their arrangements)
are used to define the task function. For example, a visual servoing task involving a 180
degrees rotation around the optical axis results in a singular image Jacobian. As shown in
[10] using line features instead of points helps to avoid such singularities, however, it does
not completely eliminate the singularities in the image space. Motion Perceptibility [85] has

been proposed as a measure of closeness to image singularities.
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2.2.2 Robot/Physical Constraints

Motion of the robot/camera system induced by the visual servo control loop, especially in
IBVS, may also violate certain constraints imposed by the robot and/or physical obstacles
in the workspace. These are: (1) robot kinematics such as joint limits and singularities in
robot Jacobian, (2) robot dynamics, (3) collision with obstacles or self-collision, and (4)
occlusion due to obstacles, robot body, or self-occlusion by the target.

Over the past three decades a great deal of research in robotics community has been de-
voted to planning feasible paths avoiding robot kinematics and /or dynamics constraints and
collision with physical obstacles or self-collision in various environments (see e.g. [55] and
[56]). Path planning approaches have also considered occlusion constraints in applications
that require target visibility, e.g. [57] and [71].

Since Chaumette’s article [10] on the convergence and stability problems of classical
visual servoing techniques, most of the efforts in visual servoing community have been
devoted to taking the above image/camera and/or robot/physical constraints into account
and incorporating them into the reactive visual servoing control loop.

First a number of researchers proposed partitioned (or decoupled) control schemes in
which certain degrees of freedom are controlled in the manner of IBVS while others are
controlled in the manner of PBVS, thereby taking advantage of each individual technique’s
benefit in avoiding some of the above constraints (see e.g. [21], [25], [61], [64], [72]). Each
of these partitioned approaches has its own benefits and drawbacks in accounting for the
aforementioned constraints. A performance test has been presented in [33] comparing the
efficiency of some of the above partitioned strategies with IBVS technique.

Later on, inspired by the theory of hybrid systems, a number of researchers proposed
hybrid (or switched) strategies consisting a set of visual servo controllers along with a
switching rule to switch between them if required (see e.g., [15], [27], [32], [36]). Using
switched strategies it might be possible to enlarge the stability region of classical visual
servoing techniques and to switch between a set of unstable controllers to make the overall
system stable.

Each of the above partitioned or hybrid strategies deals with only a subset of the above
mentioned constraints. Incorporating all the image/camera and robot/physical constraints
into the visual servo control loop is, if at all practical, quite challenging. Clearly some sort
of path planning on top of the visual servo control loop is needed for incorporating all the

aforementioned constraints, especially in complex visual servoing scenarios.
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2.3 Path Planning for Visual Servoing

The main idea of path planning for visual servoing [69] is to plan and generate feasible image
trajectories while accounting for the constraints mentioned in the previous section, and then
to servo the robot along the planned trajectories. So, the initial large error is discretized
and the error to regulate at each cycle of the servoing loop remains small. Overall, this
results in a more robust servoing process with respect to the aforementioned image/camera
and robot/physical constraints.

Over the past decade research has been devoted to incorporate aspects of path planning
in visual servoing. Although there is no formal classification of the existing path planning
techniques for visual servoing, considering the underlying path planning approach and the
assumptions made in each technique, we divide them into four groups: (1) Image space path
planning, (2) Optimization-based path planning, (3) Potential Field-based path planning,
and (4) Global path planning. In this survey we discuss the major works done in each group

to describe the main idea and the underlying problems.

2.3.1 Image Space Path Planning

Image space path planning techniques aim at interpolating a path in the image space between
the initial and desired images without using any knowledge of camera calibration or target
model. One of the difficulty of such approaches is that the planned image space path
may not correspond to any single path for the camera. So, efforts have been devoted
to planning image paths which correspond to feasible (yet unknown) camera paths in an
uncalibrated domain. Various results from projective geometry have been applied in this
context including: epipolar geometry, projective homography, and projective invariance.
Epipolar Geometry Given multiple views of the same scene, epipolar geometry [35]
has been employed by a number of researchers for calibration-free visual servoing. In an
early work [38], a trajectory generator for visual servoing was proposed directly in the
image space based on epipolar constraints defined between the images obtained from a
stereo camera mounted on a robotic arm (eye-to-hand configuration). The task was to
accomplish obstacle avoidance (only for robot’s end-effector) in an unknown environment.
An uncalibrated visual servo controller based on a Jacobian estimator was used to track the
planned image trajectories without using any knowledge of the system or camera calibration.
Park and Chung proposed an image space path planning approach for an eye-to-hand

system using uncalibrated stereo cameras in a vision-based grasping scenario [75]. They
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generate a number of intermediate views of the robot’s gripper along a straight line between
the initial image and the final desired image in the projective space with the help of epipolar
geometry and without using any 3D information regarding either the gripper or the target
object. These intermediate views constitute the desired image trajectories. The robot is
then controlled along the image trajectories using the IBVS technique presented in [30].
When followed by the robot, the planned trajectories allow the robot’s gripper to track a
straight line in the 3D workspace and through out its motion a selected set of features on
the gripper are kept in the camera’s field of view.

Projective Homography To avoid explicit computation of feasible camera paths which
relies on the knowledge of the camera calibration and target model, a number of approaches
have been developed using the projective geometry [31] relationship established between the
initial and desired images. Working in projective space allows one to partially parameterize
the Euclidean displacement of the camera without explicit reconstruction of the Euclidean
components.

Projective homography matrix has been employed in the context of path planning for
visual servoing. Projective homography captures the relationship between the images taken
from different views of the same scene. Given the projective homogeneous coordinates
p = (u,v,1)T and p* = (u*,v*,1)T of a 3D point P in the current and desired images,
respectively, the projective homography matrix G, also called collineation matrix, is defined

(up to an scale ay) as
agp = Gp* (2.2)

The projective homography matrix can be estimated from the knowledge of several features
such as points, lines, and contours matched between two images [17], [35], and [63].

In [70] a calibration-free path planning approach is proposed which consists of inter-
polating for the collineation matrix G between the initial and desired images to obtain
closed-form analytical collineation paths. The image feature trajectories are then derived
and followed using an IBVS technique. The proposed approach guarantees convergence
to the desired location, however, the convergence does not hold in presence of visibility
constraints such as field of view limits. This approach has been extended in [82] to take
visibility constraints into account by guiding the image of an arbitrary selected reference
point on the target along a straight line in the image which guarantees that the reference
point remains in the camera’s field of view. However, the camera will not follow a straight
line anymore and the other features may still leave camera’s field of view. A depth modula-

tion approach has been proposed to keep the visibility of other features by controlling the
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camera backwards along an optical ray whenever a feature reaches the borders of camera’s
field of view.

If the camera calibration is known, one could derive further information regarding the
camera transformation. In particular, one can compute the Euclidean homography matrix
H (up to a scale ay,) as

apH =K 'GK (2.3)

where K is a non-singular matrix and contains the camera intrinsic parameters. The Eu-
clidean homography (from a set of planar features) can be decomposed to obtain the corre-

sponding (Euclidean) camera transformation parameters as
t k
H= {R, —.n } (2.4)

where R and t denote the translation and rotation from the desired to the current camera
frame, and d* is the distance of the plane containing the features from the desired camera
frame and n* is the normal to the plane expressed with respect to the desired frame.

Decomposition of Euclidean homography has been employed by some researchers to
plan for image paths corresponding to feasible (yet unknown) camera paths without explicit
reconstruction of the camera paths in the Cartesian space.

A shortest path approach has been proposed in [51] which avoids the use of 3D re-
construction by using homography-based partial pose estimation. The proposed approach
moves the in-hand camera directly along the direction (obtained through the homography
decomposition) towards the desired pose in the 3D workspace while maintaining the visibil-
ity of (only) a virtual point located at the origin of the target object. The virtual point is
used to control two degrees of rotation of the camera (around z— and y—axes) and the third
rotation axis (around camera optical axis) is controlled using the rotation matrix retrieved
from homography. This technique yields a straight line trajectory for the virtual point and,
hence, keeps the virtual point always in the camera’s field of view. However, the camera
can get too close to the target so that some features may get lost. Switching between visual
servoing strategies or using repulsive potentials can be employed to avoid such situations,
however, without ensuring straight line trajectories.

In [1] a similar approach has been proposed based on homography decomposition in
which helicoidal shape paths (instead of straight path) are chosen as the reference path to
represent camera translation from the initial position to the desired position. One should
note that since the homography is known only up to an unknown scale, the actual camera

path is not completely known and one can only determine its shape. However, regardless
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of the value of unknown scale factor, the entire image path will remain the same and
since the control is defined directly in the image, the positioning task can be successfully
accomplished given a feasible image path. In [8] a particular decomposition of homography
is used to interpolate a path for a planar object with known model from the initial image
to the desired final image. Given the known object model, the interpolated desired path is
then transformed to a camera path by using 3D reconstruction. The camera path can then
be checked for workspace boundary singularities.

Projective Invariance Malis [62] proposed an image-based path planning approach
in an invariant space defined through a projective transformation. The basic idea of using
projective invariance is to create a task function which is invariant to camera intrinsic
parameters and only depends on the position of the camera with respect to the observed
object and on its 3D structure. This allows one to generate a path for a feature vector in
the invariant space (independent of camera’s intrinsic parameters) which, when followed,
results in a straight line path for the camera in the workspace. The visibility of the features
is (partially) achieved using a motorized zooming mechanism available on the vision system.

The main advantage of direct path planning in image space is the independence of such
approaches from camera calibration and/or object model. On the other hand, since the
planning is done directly in the image space, robot/physical constraints cannot be handled
through such approaches and these techniques are shown to be ineffective in complex visual

servoing scenarios.

2.3.2 Optimization-based Path Planning

Planning optimal paths has absorbed a great amount of interest in robotics community. In a
visual servoing task, there might be many different paths, which when followed, will result in
successful accomplishment of the same task. This motivates optimization techniques aimed
at finding the optimal path with respect to various costs such as distance from the image
boundary, length of the path traversed by the robot, energy expenditure, etc.

In an early work [86], a path planning framework is proposed based on the concept of
Perceptual Control Manifold (PCM) defined on the product of the robot’s joint space and
the space of all image features related to a target object. PCM can be considered as a
mapping which relates a robot configuration to the vector of image features visible at that
configuration. Given the model of the camera, the object, and the robot kinematic model,
the PCM needs to be computed only once (in an eye-to-hand configuration) and is then

applicable to any manipulation task. Constraints such as the camera’s field of view and the
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robot joint limits and/or physical obstacles are mapped into the PCM to yield a subset of
PCM as the feasible solution space. This mapping could be quite time consuming considering
the number of constraints and the robot’s degrees of freedom. Various optimization criteria
such as minimum velocity, minimum interception time, and minimum robot movement have
been considered to plan optimal paths in the feasible subset of the PCM. The proposed
approach has been considered for the task of intercepting a moving target (with a known
trajectory) using the visual feedbacks obtained from a fixed camera which simultaneously
views both the robot’s end-effector and the moving target.

In [70] closed-form collineation paths corresponding to minimum energy and minimum
acceleration camera paths are planned in the image space. The proposed strategy is then
generalized to the case where a number of relay (intermediate) images are available in
addition of the initial and desired images. The proposed approach guarantees convergence,
however, it does not take visibility constraints into account and image features might leave
the camera’s field of view.

In [91] a motion generation approach called visual motion planning has been proposed
to plan optimal image paths for mobile robots under motion and visibility constraints. The
constraints on the motion of the robot along with the field of view limits are described in
form of a number of equalities and inequalities. An optimization problem is then solved
numerically using Lagrange Multipliers to obtain optimal image paths minimizing a given
weighted sum cost function (here kinetic energy). The proposed approach has been applied
only to mobile robots moving in 2D and 3D environments.

To pose the problem of path planning for visual servoing as an optimization problem
some researchers have introduced various parameterizations of camera trajectories. A poly-
nomial parametrization of the scaled camera paths has been proposed in [18] where the
translational path is linearly interpolated and Cayley’s rotation representation is employed
to rationally parameterize the rotation paths. This allows the distance of the image tra-
jectories from the boundary of image for a single path to be easily calculated as the root
of some polynomials. Hence, an optimization problem is then formulated to maximize the
distance to the boundary of the image with respect to all parameterized paths. By following
the planned image path, the camera follows a straight line in the workspace in the absence
of calibration errors. In presence of calibration errors, the camera does not follow a straight
line but moves along a different curve whose distance from the planned line grows as the

calibration errors increase.
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In [16] an optimal path planning approach is proposed which allows one to consider con-
straints on the camera’s field of view, workspace and joint limits, in the form of inequalities,
together with the objective of minimizing trajectory costs including spanned image area,
trajectory length, and curvature. A polynomial parametrization is devised to represent all
the camera paths connecting the initial and desired locations (up to a scale factor) through
an object reconstruction from image measurements and, if available, the target model. Oc-
clusion constraints and collision avoidance for the whole robot’s body cannot be represented
(in the form of inequality constraints) in their formulation. Moreover, the devised optimiza-
tion is nonconvex which may lead to multiple feasible regions and multiple locally optimal
solutions within each region and, hence, it makes it very difficult to find the global optimal
solution across all feasible regions.

In a similar work [14], a general parameterizations of trajectories from the initial to the
desired location is proposed via homogeneous forms and a parameter-dependent version of
the Rodrigues formula. The constraints are modeled using positivity conditions on suit-
able homogeneous forms. The solution trajectory is obtained by solving a Linear Matrix
Inequality (LMI) test which is a convex optimization. The proposed approach allows one
to maximize some desired performances such as distance of features from the boundary of
the image, camera’s distance from obstacles, and similarity between the planned trajectory
and a straight line.

Ideas from optimal control theory have been employed to devise image trajectories for
visual servoing under visibility constraints. Planning shortest path for a Differential Drive
Robot (DDR) maintaining the visibility of a landmark using a camera with limited field
of view has been considered in [7]. It is shown that the set of shortest (optimal) paths for
this system consist of curve segments that are either straight-line segments or that saturate
the camera’s field of view. The latter correspond to exponential spirals known as T-curves.
In [59] these shortest paths are followed using a switched homography-based visual servo
controller. The controls that move the robot along these paths are devised based on the
convergence of the elements of the homography matrix relating the current image to the final
desired image. In a recent work [37], a complete motion planner for a DDR is proposed in
which optimal curve segments obtained in [7] are used as motion primitives to devise locally
optimal paths in an environment cluttered with obstacles. The necessary and sufficient
conditions for the feasibility of a path for the DDR in the presence of obstacles and with
visibility constraints (i.e., sensing range and field of view limits) are also provided. In their

proposed planner, occlusions due to workspace obstacles are not considered and the obstacles
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are assumed to be transparent.

In [78] the set of optimal curves obtained in [7] are extended and also described in the
image space, so as to enable their execution using an IBVS controller directly in the image
space. Feedback control along these optimal paths in the image is achieved through a set of
Lyapunov controllers, each of which is in charge of a specific kind of maneuver. Nonetheless,
the complete characterization of all the shortest paths and their analytic descriptions remain
unsolved for a DDR.

Although the above optimization-based path planning techniques provide a better insight
into the complexity of the problem and feasible optimal paths, they are more or less limited
to simple scenarios and systems. Introducing general robot/physical constraints greatly adds
to the complexity of the optimization problem and, hence, accounting for such constraints

in the above frameworks would greatly increase the time complexity of such techniques.

2.3.3 Potential Field-based Path Planning

In the field of robot path planning, Potential Field method has been proposed as a promising
local and fast obstacle avoidance strategy to plan safe and real-time motions for a robot
in a constrained environment [46]. The main idea is to construct an artificial potential
field defined as the sum of attractive potentials, pulling the robot towards the desired
location, and repulsive potentials, pushing the robot away from various constraints such as
the obstacles or robot’s joint limits. A driving force computed along the negated gradient
of the potential field moves the robot towards the goal location.

Mezouar and Chaumette [69] introduced robust image-based control based on the Po-
tential Field method for a robotic arm with eye-in-hand configuration. In their proposed
approach, two types of constraints are considered: field of view and robot’s joint limits. To
obtain valid robot trajectories, the motion of the robot is first planned in the workspace and
then projected into the image space. The attractive potentials are defined in the workspace
to pull the robot towards the final desired configuration. To account for field of view limits,
repulsive potentials are defined in the image space pushing the image trajectories away from
the image boundary. Joint limits are avoided by imposing repulsive potentials in the joint
space of the robot. So, the total force applied to the robot is a weighted sum of the individual
forces computed as the negated gradient of the above potentials. The image trajectories are
obtained in an iterative scheme by moving along the direction of the total force applied to
the robot. The discrete image trajectories are then time scaled and tracked using an IBVS

technique. The above strategy has been applied to targets with known as well as unknown
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models. In the latter case, a scaled Euclidean reconstruction is employed to obtain scaled
camera paths in the workspace. Image local minima are automatically avoided by updating
the image Jacobian using the values of the current desired image features along the time
scaled feature trajectories.

As an inherent deficiency of Potential Field-based path planning method, the above
strategy might lead to local minima and the robot gets stuck. Although the authors reported
no encounter of such local minima in their experiments, imposing physical constraints such
as collisions with obstacles and occlusions highly increase the chance of having local minima
in the overall potential field.

In [27] a potential field-based strategy is employed to account for workspace obstacles,
field of view limits, and robot’s joint limits in a global planning framework. To escape local
minima generated by addition of the attractive and repulsive forces, Simulated Annealing
[47] is employed in which proper tuning of the initial temperature and the cooling rates are
required to probabilistically ensure the method to escape from local minima and converge to
the global minimum. In the proposed planning framework two different trajectory generation
strategies are employed: method A, in which a trajectory for the end-effector is planned with
respect to the stationary target frame, and method B, in which a trajectory for the target
is planned with respect to the current end-effector frame. The former results in a camera
path close to a straight line in the workspace, while in the latter the image trajectory
of the target’s origin is constrained to move as close as possible to a straight line in the
image which lessens the chance of image features leaving the camera’s field of view. A local
switching strategy is devised to switch from image-based control to position-based control
when closeness to image local minima and image singularities are detected along the planned
trajectories. This is done only once to avoid instability caused due to repetitive switching,
however there is no complete guarantee that the field of view and joint limits are always
ensured after the system is switched to position-based control.

One of the main advantage of Potential Field-based approaches is the fast computation
of driving force which makes these approaches suitable for real-time applications such as
visual servoing. For example, the above strategy can be employed when tracking image tra-
jectories to account for possible deviations from the planned trajectory due to uncertainties

in modeling and/or calibration (e.g. [16]).
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2.3.4 Global Path Planning

The convergence problems and deficiencies of the above path planning techniques in ac-
counting for all the constraints in visual servoing tasks motivates the need for general and
global path planning approaches. A great deal of research has been carried out on global
path planning for various robotic systems within the path planning community, see e.g.
[55] and [56]. Here we report on some of these techniques which have been successfully
incorporated into the visual servoing framework.

A global stabilizing strategy using navigation functions is presented in [22] which guar-
antees convergence to a visible goal from almost every initial visible configuration while
maintaining viability of all features along the way without following a predefined reference
image trajectory. One should note that constructing such navigation functions is limited to
very simple scenarios only.

In [4] a probabilistic roadmap approach has been utilized to plan minimal-occlusion
paths for an in-hand camera with respect to a target object. They employ the technique
proposed in [88] to compute the boundary separating the visible regions (from where the
target is visible) from the occluded regions (from where the target is not visible due to
occlusion by workspace obstacles). Their proposed algorithm then assigns penalties to cam-
era’s trajectories within a given probabilistic roadmap (for camera translation) proportional
to the distance the camera travels while outside the visible region. One should note that
camera’s orientation or field of view limits are not taken into account in their proposed
approach.

Inspired by the work in [90] on global path planning with general end-effector constraints,
we incorporated sampling-based global path planning with visual servoing for a robotic arm
equipped with an in-hand camera [41]. The proposed planner explores the camera task space
(i.e., space of camera poses) for camera paths satisfying field of view limits and occlusion
constraints, and utilizes a local planner to track these paths in the robot’s joint space to
ensure feasible motions of the robot while accounting for robot’s joint limits and collision
with obstacles. The result is a search tree as in [50] which alternatively explores the camera
and joint spaces (see Fig.1.2). The solution camera trajectories are then projected into the
image space to obtained the corresponding image feature trajectories which require proper
time-scaling and smoothing to be executed using an image-based visual servoing technique.

Proper time scaling of feature trajectories directly depends on the dynamic character-
istics of the underlying system and highly affects the performance at the execution stage.

Usually, the planning and execution stages are decoupled by first, solving the path planning
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problem and then either synthesizing a controller with the desired dynamic characteristics
of the underlying system to execute the planned trajectories (e.g., [73]), or performing op-
timization over the kinematically planned paths to satisfy the dynamic constraints (e.g.,
[53, 6]). However, the robot may not be able to execute the trajectories produced by the
kinematic planner due to its limits on actuator forces/torques and/or dynamic effects of
machine vision system (see [20]). We extended the work in [41] and proposed a kinody-
namic planning approach [42] which attempts to address this issue at the planning stage
by performing kinodynamic planning for the camera in its state space while taking its dy-
namic constraints into account. Unlike the kinematic path planning approach in [41] which
requires an additional (cubic) spline interpolation step to properly time scale the feature
trajectories and obtain smooth trajectories (e.g., see [69]), the solution trajectories obtained
using the proposed kinodynamic planning framework are (by construction) C!'-smooth with
bounded acceleration and require no further post-processing to be executed smoothly us-
ing an IBVS technique preventing a stop-and-go motion, an effect which is inevitable in
kinematic planning as observed in our previous work [41].

To be successful, global path planning approaches require a complete and (relatively)
precise knowledge of the environment, camera calibration, and object model. These require-
ments can be limiting in many visual servoing scenarios. The need for such exact knowledge
can be relaxed by accounting for modeling and calibration uncertainties at planning stage.
In the following section we discuss the effects of uncertainties in visual servoing, especially
in tracking planned trajectories at the execution time, and report on a few recent works on

path planning under uncertainties for visual servoing.

2.4 Path Planning under Uncertainty for Visual Servoing

Planned paths need to be executed and the robot may not exactly follow the planned path
due to the uncertainties and in fact, in some cases, the followed paths in the workspace
and in the image space can be quite different from the planned ones thereby resulting in
violation of some of the constraints even if they have been fulfilled at the planning stage.
The influence of errors in intrinsic and extrinsic camera parameters on the performance of
visual servoing scheme has been examined in [29]. In [52] the propagation of image error
through pose estimation and visual servoing control law has been analyzed.

A number of researchers have proposed local and real-time techniques to account for

likely deviations from the planned path at the execution (tracking) stage. For example,
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these could be locally taken care of using Potential Field type techniques, however as men-
tioned before, such techniques are prone to failure due to local minima [69]. An alternative
framework to deal with unmodelled uncertainties is to retreat the robot/camera and/or
re-plan quickly when encountering violation in a constraint. A variable zooming technique
was suggested by [54] to bring the target back within the visibility range if occluded by an
obstacle. This zooming effect can also drastically improve the performance of the underly-
ing image-based visual servoing technique by reducing the measurement noise in fixed-size
objects viewed by a camera from distance.

Comport et al. [19] proposed an augmented reality approach for visual servoing. Al-
though their approach mainly focuses on camera pose estimation by means of a virtual
visual servoing method, but this can be extended to scenarios in which some feature points
on the target may go out of sight temporarily, e.g. due to unmodelled uncertainties. An
augmented reality approach can then be utilized to virtually position the missing feature
points in the image based on rudimentary information obtained from other objects in a
scene cluttered with known features, i.e. straight edges, etc. In this case, the target is used
as the primary object for visual servoing while other image features can contribute to the
pose estimation, and eventually to the servoing task, when a finite number of feature points
fall off the cameras field of view.

Non-linear model predictive control strategies have been proposed to account for un-
certainties in planned trajectories in visual servo control loop as well, e.g. [81]. Systems’
parameters would be corrected beyond a temporal receding horizon (i.e., the time span dur-
ing which the optimal control action is computed and executed) after each iteration. The
discrepancy between the predicted system’s behavior based on the computed control action
and that in real implementation is then used to further correct the estimates of the system’s
parameters. The time required to estimate these parameters via a non-linear optimization
technique must be way shorter than the receding horizon in which this optimization is car-
ried out. Otherwise, the applicability of this technique for real-time scenarios would be
questionable. Developing a guideline for selecting the optimal size for the receding horizon
for robust visual servoing in real time remains an open research area.

Robustness with respect to calibration errors in terms of the tracking error boundness
along the planned trajectories has been considered in [73]. Given a user defined bound
on the tracking error, they propose a control strategy to modulate control gains and/or
the desired tracking velocity to guarantee error boundness. Through the proposed velocity

modulation technique, one could use low control gains while keeping the tracking error
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bounded. While this technique and those mentioned above, to some extent, are expected to
take care of the deviations from the planned trajectories in the image space, the deviations
from the physical space trajectories can cause robot/physical constraints violations. The
above mentioned local strategies for accounting deviations from planned path are not general
enough to account for all types of constraints (and the related uncertainties), in particular
robot /physical constraints. Hence, there is need for taking the uncertainties into account in
a global as well as general manner at the planning stage.

The planned paths obtained based on only a nominal model of the camera and/or robot
may not be fully traversable by the robot without violating certain constraints. In a recent
work [13], Chesi proposed a planning approach to design a robust image trajectory that
satisfies the required constraints not only for the nominal model but rather for a family
of admissible models. In the proposed approach an uncertain model has been considered
for image correspondence between the initial and desired images, and the camera’s intrinsic
parameters are assumed to be affected by some unknown random errors with known bounds.
Given the above uncertain models, there are different admissible camera poses and conse-
quently different camera trajectories rather than a common and robust one. A polynomial
parametrization is proposed through which each camera trajectory is parameterized by a
possible camera pose and by a design variable which is common to all admissible trajecto-
ries. So, the robust trajectory is computed through an optimization problem determining
the common design variable that satisfies field of view limits and maximizes the distance of
the image features from the boundary of image on all parameterized trajectories.

Although the results obtained through the above approaches in taking calibration un-
certainty and measurement errors into account seem promising, more research needs to be
done. Physical constraints, especially collisions and occlusions, are highly affected by the
uncertainties in the modeling of the environment. Robot path planning considering un-
certainties in modeling, localization, and sensing has been studied for decades within path
planning community [56] yielded a number of promising approaches, e.g. [9], [39], [60], [68],
[76]. Incorporating the research results achieved through these approaches into the visual
servoing framework would be a promising future direction. Moreover, planning robust tra-
jectories for visual servoing tasks in unknown or partially known environments remains an

open research problem.
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2.5 Summary

We provided a comprehensive review of existing path planning for visual servoing techniques
aimed at making the visual servoing more robust in complex scenarios, especially in appli-
cations where the initial and desired views are distant. Considering the underlying path
planning approach, the existing techniques have been divided into four categories: (1) Image
space path planning, (2) Optimization-based path planning, (3) Potential Field-based path
planning, and (4) Global path planning. We reported on the previous works pertinent to
each category and for each technique we discussed the set of assumptions along with its
benefits and drawbacks and its integration with the reactive visual servo controllers.
Recent works (discussed in Section 2.4) demonstrated the effectiveness of accounting for
modeling/calibration uncertainties and measurement errors at the planning stage in gener-
ating robust trajectories for visual servoing scenarios where the available data are affected by
uncertainties. Towards that aim, incorporating the results achieved on robot path planning

under uncertainty within the path planning community is a promising direction to follow.



Chapter 3

Randomized Path Planning for

Visual Servoing

In this chapter, we present our proposed randomized path planning framework for visual
servoing tasks. We discuss the strategies through which the image and physical constraints
are taken into account within the proposed framework. We also explain the implementation
of two planning strategies: kinematic planning in camera task space (i.e., space of camera
poses), and kinodynamic planning in camera state space (i.e., space of camera poses and
velocities).

We first begin by explaining the preliminary concepts and giving an overview of the

proposed solution methodology as follows.

3.1 Preliminaries and overview

3.1.1 Notations

Consider a frontal pin-hole perspective camera model as shown in Figure 3.1. Let P; be a
3D point with homogeneous coordinates [X; Y; Z; 1]7 in the camera frame F,. Assuming
focal length f to be unit, the projection of P; into the image plane of F is given as a point

with homogeneous coordinates m; = [z; y; 1]T where

1 1
xj = ?Xj and y; = 7YJ (3.1)
J j

The corresponding pixel coordinates can be calculated as p; = [u;, v}, 17 = Am, where

27
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Figure 3.1: A frontal pin-hole perspective camera model

matrix A contains the intrinsic parameters of camera as

fpu 0w
A= 0 fpw o (3.2)
0 0 1

In (3.2), f denotes the focal length, up and vy are the pixel coordinates of camera principal
point, p, and p, are the number of pixels per unit distance in image coordinates.

We use the 2-D images of a number of 3-D points P; for j = 1,...,n as image features to
represent the solution trajectories in the image. Hence, a point s along a feature trajectory
is then represented as a vector s = [uj vy ...u, v,]7 where uj and v; are the image pixel
coordinates of 3-D points P; for j =1,...,n.

Considering Fig.3.2, let F, be the frame attached to the target, F; and F; denote
the camera frames at the initial and desired camera/robot location, and Fj, denotes the
camera frame at an intermediate location. Given the coordinates of four or more point
features in the object frame F, and knowing the correspondences between their initial and
desired image features, using techniques such as that in [26] and [66], one could compute
the transformation between the initial and desired camera frames, F; and F; respectively,

and the target object frame F,, i.e. ‘R, t,, *R,, and %, (see Fig.3.2).

3.1.2 Problem formulation and solution methodology

The aim of path planning for visual servoing is to plan feasible feature trajectories as a

sequence of image features s(t) for ¢ € [0,ty] in the image space between initial and desired
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Figure 3.2: Robot/camera at the initial, intermediate, and desired configurations w.r.t. the
target object.

image features, s(0) = s; and s(ty) = sq, extracted from the images taken at the initial
and final desired camera poses, respectively. The time parameterization, i.e. ¢ € [0,tf], is
usually determined as the result of underlying planning technique. Our proposed planning
approach is summarized in the following two steps:

Stepl. Planning feasible robot/camera trajectories: first we plan a feasible
camera trajectory I'(¢) for ¢ € [0,%;], in the camera planning space between the initial and
desired camera planning vectors, I'(0) = x; and I'(ty) = x4, respectively. The definition
of the camera planning vector x(t) depends on the topology of the space in which the
camera trajectories are planned. The framework presented in this work is independent of
the topology of the camera planning space. We consider two alternatives (see Section 3.2.2):
camera configuration space, i.e., space of camera poses only , and camera state space, i.e.,
space of camera poses and velocities.

The camera trajectory is obtained by alternate exploration of the camera planning space
and robot joint space which corresponds to a feasible robot trajectory q(t) for ¢t € [0,t/]

in the robot configuration space between the start and goal configurations, q(0) = q; and
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q(ty) = qq, respectively. One should note that the goal configuration qq is not initially
known and will be determined as the result of the planning. The proposed planner explores
the camera planning space for permissible trajectories by iteratively extending a search tree
in this space and simultaneously tracking these trajectories in the robot configuration space.
The proposed planning framework is explained in more details in Section 3.2.

Step2. Computing image feature trajectories: the camera trajectory I'(¢) planned
in Step 1 is then utilized to project the 3D target feature points into the image space and
obtain the feature trajectories s(t) between the initial and desired image features in the
image space.

For a given camera frame denoted by a homogeneous rotation/translation transformation
[R(tr)|p(tx)] along the planned camera trajectory I'(t), the 2D image feature s;(ty) =
[uj(tx) vi(tg)]T of the 3D target feature point P; with homogeneous coordinates °P; in the

object frame is computed as
Zi(uz, 05, )" = A[R"| ~ RTp|°P, (3.3)

where Z; is the depth of the target feature P; in the camera frame. Similarly, all object
features P; are projected to their pixel coordinates s; for j = 1,...,n. The above pro-
jection is repeated for all camera poses along the planned camera trajectory to obtain the

corresponding feature trajectories in the image.

3.2 Alternate exploration of camera planning space and robot

configuration space

Our proposed planning approach explores the camera planning space by extending an explor-
ing tree as in Rapidly-exploring Random Tree (RRT) approach [50] in the camera planning
space and simultaneously tracking the tree local paths in the robot configuration space.
So, through this strategy the search in the camera planning space is used to effectively
guide the search in the robot configuration space. The proposed strategy is summarized in
Algorithm 1. First, we provide an overview of Algorithm 1 below, and we will discuss its

implementation details next.
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Algorithm 1: Alternate camera planning space and robot C-space exploration

input : Camera initial and desired vectors, x; and xg4
output: Camera trajectory I', or null in case of failure

1 begin

2 | T < InitializeTree(q;, X;);

3 | repeat

4 X,qand < GenerateRandomCameraVector();

5 Xpear < FindNearestInTree (7, X,qnd);

6 (Xpew, €x) < ExtendWithImageConstraints (Xnear, Xrand);
7 if £, # null then

8 (Qnew, €;) ¢ TrackCameraPathInCSpace(&,);
9 if £, # null then

10 Add x,,., and &, to tree T;

11 if rand() < pyreedy then

12 (x4, &) < ExtendGreedyToGoal (X,ey, Xq);
13 if &, # null then

14 Add x4 and &, to tree T;

15 [' < RetrieveCameraTrajectory (7, X4);
16 return [';

17 | until timeout;

18 | return null;

3.2.1 Overview of the proposed approach

As shown in Algorithm 1, the exploring tree 7T is iteratively extended in the camera planning
space until either it reaches the goal or the planning time is up. Consider Fig. 3.3. At each
iteration a node with a random camera vector X,,q is generated and the node with the
nearest vector Xpeqr t0 Xpqng in the tree is found. Then, X,eq is extended toward X,qnd.
The local path &, obtained as the result of this extension is projected into the image space
to check for image constraints (i.e. field of view limits and occlusions of target object by
other obstacles or itself) by sampling synthetic images along the local path. As mentioned
earlier, the extension of the camera paths depends on the topology of the camera planning
space which will be discussed in more details later.

Given that the local camera path violates no image constraints, it is then tracked in
the robot configuration space using a local planner to check for physical constraints, i.e.
collision with obstacles and joint limits. Tracking camera paths in the robot configuration
space depends on the kinematic structure of the robot and one may adopt any desired local

planner as long as the constraint at the camera (or robot’s end-effector) is maintained.
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Figure 3.3: Alternate camera planning space and robot C-space exploration

We adopt an Inverse Kinematic controller where the robot is considered as a kinematic
structure for which the Jacobian that relates the robot generalized velocities (i.e., joint
space velocities) to its end-effector task space velocities is available. The details of the
inverse kinematic controller are provided in Section 3.2.6.

In case of successful tracking of the camera local path in robot configuration space, the
newly generated vector Xpe, (along with edge &,) is added as a new node to the camera
tree. After each successful addition of a new node to the camera tree, with a probability
Pgreedy, @ greedy extension from the newly added node is attempted to reach the goal vector
xg4. The greedy extension depends on the topology of the camera planning space and will

be explained accordingly.

3.2.2 Camera planning space

The algorithm starts off by initializing a tree structure 7 and generating the root of the

tree as its only node (Line 2). Each node of the tree embeds the following information:

e x, camera planning vector

e (, robot configuration

e &, camera sub-path from the parent node
e &, robot sub-path from the parent node

e a pointer to the parent node

The root node is initialized with the camera initial planning vector x; and the corresponding

robot initial configuration q; with a null parent pointer.



CHAPTER 3. RANDOMIZED PATH PLANNING FOR VISUAL SERVOING 33

The definition of camera planning vector x depends on the topology of the space in
which the camera trajectory is planned. Within the proposed framework, we consider two

alternatives:

e Camera configuration space (i.e., space of camera poses), where a vector x (also called

camera configuration) in this space is represented as

p
h

(3.4)

»
Il

%
where p = [p; py p.]7 is the position of the camera frame and h = [ h7]7 denotes the
_>
unit quaternion (with scalar part h and vector part h) representation of the camera
orientation. This makes the x a 7-D vector, but the camera configuration space is 6-D

because of the constraint that the quaternion must be of unit norm.

e Camera state space (i.e., space of camera poses and velocities) where a vector x (also

called camera state) in this space is represented as

p
h

v

w

where p and h are defined as in (3.4), and v = [v, v, v;]T and w = [w, wy w,]T denote
the camera linear and angular velocities, respectively. This makes the state x a 13-D
vector, but the state space is 12-D because of the constraint that the quaternion must

be of unit norm.

Extending the trajectories in the camera configuration space results in a kinematic plan-
ning scheme which yields C%-smooth trajectories with discontinuous velocities and infinite
acceleration, hence require smoothing and proper time-scaling to be executed on the robot.
Planning in camera state space (as opposed to camera configuration space) allows for taking
the camera dynamics as well as its kinematic constraints into account at the planning stage
leading to a kinodynamic planning scheme which yields C''-smooth with continuous veloci-
ties and bounded acceleration change and properly time-scaled trajectories. The extension
of the camera trajectories in the camera configuration and state spaces are discussed in
Section 3.2.5.
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3.2.3 Generating random camera vectors

At each iteration of Algorithm 1, a random camera planning vector X,q,q is generated.
In the case of planning in camera configuration space, a random camera configuration is
built by generating a uniform random camera position p,qnq and a uniform random unit
quaternion h,.,,q within the camera workspace. The random camera position is generated
as
Tmin + (Tmaz — Tmin)Tz
Prand = | Ymin + (Ymaz — Ymin)Ty (3.6)
Zmin + (Zmaz — Zmin)T=
where ry, 7y, 7, are scalar values generated uniformly in the range [0, 1], and [Zmin, Tmaz),
[Ymin, Ymaz), [Zmins Zmaz] denote the limits of the camera workspace along XY Z axes. A

unit quaternion is generated uniformly as [49]

h;ng = (37)

In case of planning in camera state space, a random camera state is built by extending
a random configuration as generated above and adding random uniform linear and angular

velocities as

Uxmin + (/Uxmaz - /Uxmin),rx wxmin + (wxmaz - wxmin)Tx
Vrand = Uymin + (vymaac - vymin)ry and Wrand = wymin + (wymaac - wymin)ry
vzmin + (vzmaac - vzmin)rz wzmin + (wzmaac - wzmin)rz

(3.8)

where [Uz,.00s Veminls [Vymas > Vymin)s 0d [V, v, ] denote the limits of camera linear ve-
locities, and [wx, 4. Waminls [Wymas s Wymin)s A0 (w200, w2, . | are the limits of camera angular

velocities.

3.2.4 Finding nearest node in the tree

At each extension of the camera tree the tree node X, with the closest distance to X,gnq
is found based on a metric p(x1,x2) defined as a measure of relative closeness between two

camera vectors, i.e., x; and X2, in camera planning space.
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The metric p(x1,X2) in camera configuration space is defined as [58]

p(x1,%2) = wp|lp1 — P2/l + wr(1 — |hy.hyl), (3.9)

where p1 and ps are the camera positions, hy.hs denotes the inner product of unit quater-
nions corresponding to camera orientations pertinent to two poses, x; and Xs, respectively.
The weight coefficients w, and wy, are user defined (in our implementation, we set w, = 0.6
and wy, = 0.4).

When x; and xg represent camera states (as in kinodynamic planning scheme), the

closeness metric p(x1,x2) is defined as [58]
p(x1,x2) = wp|[p1 — Pl + wa(l = [hihe|) + wy[lvi = vo| + wollwr —waf,  (3.10)

where v; and vg are the camera linear velocities, and w; and wsy denote the camera angular
velocities pertinent to two states, x; and x2, respectively. The weight coefficients wy,, wy,
wy, and w,, are user defined (in our implementation we set w, = 0.4, w;, = 0.3, w, = 0.2,
and w, = 0.1).

3.2.5 Extending camera paths with image constraints

Once the tree node with the nearest camera vector, i.e. Xpeqr, t0 Xpqnd Was found, the
camera vector Xeqr is extended toward X,q,q using a local controller. One may choose
any arbitrary controller as long as it extends Xyqr towards and close to X;q4nq. In RRT-like
schemes designing a proper extension controller is a challenging task. Basically, the problem
is to find an appropriate control input u(¢) which is applied based on the equation of motion

f to advance the state of the system, i.e.

x(t) = f(x(t), u(t)) (3.11)

over a pre-defined time interval so that the new state reaches a desired state. This can be
formulated as a boundary value problem. The solution to such problem, depending on the
complexity of the system and the underlying constraints, can be as hard as the original
planning problem, if at all possible. Usually, in RRT literature (e.g., [58]), the input u is
chosen at random or by trying all the inputs from a discretized set of possible inputs and
choosing the one that yields a new state as close as possible to the randomly selected vector
Xrand- Please note that this does not sacrifice the performance of the RRT extension since

extension is still achieved toward the randomly selected node and hence the tree will be



CHAPTER 3. RANDOMIZED PATH PLANNING FOR VISUAL SERVOING 36

expanded into the Voronoi region of the random node, thereby guaranteeing the extension
of the tree into less explored regions of the space [58].

The camera tree is extended from X;eq by applying the control input u and integrating
(3.11) over a user-defined time step At. The length of each extension has a direct relationship
with At which can be chosen arbitrarily (but non-zero) with the knowledge that higher
values of At (e.g., 2.0 seconds) yields longer tree edges (with higher probability of violating
a constraint along the extension in cluttered space) but faster extension of the tree in wide
open regions, while lower values of At (e.g., 0.5 seconds) result in shorter edges, and slow
but dense extension of the tree into the space. Usually, in a cluttered environment lower
time steps are recommended. The above integration requires a numerical approximation
of (3.11): given the current state x(¢) and input u(t) applied over a time interval At, the
task is to compute the next state x(t + At). For the extension strategies in this thesis,
we employ a simple fixed-step Euler method for numerical integration, i.e. x(t + §;) =
x(t) + 0:f(x(t),u(t)), where d; is the integration time step (we used &; = 0.04 sec. in our
experiments).

We discuss the local control strategies for extending the tree in camera configuration

space as well as camera state space, as two alternative planning spaces for camera paths.

Kinematic extension in camera configuration space

The tree in camera configuration space is extended from Xjeqr toward X,.qnq by applying
appropriate linear and angular velocity control inputs, i.e., v(t) and w(t). The equation of
motion for the camera under the influence of control input u(t) = (v(¢t),w(t)) is given as
s = fxuy = | PO (=YY (3.12)
h(t) 3wx (t)h(t)
where w (t).h(t) denotes the quaternion dot product between [0 w, wy w.]T and h(t).
The control u must be chosen in a way to ensure extension of the x4 toward X,.4,q. We
choose the directions of the linear and angular velocity inputs along the relative direction
of the position and orientation of the randomly selected configuration X,q,q with respect
to the current state, i.e. v = m and & is chosen as the axis of the quater-
nion representing the relative orientation between X,eqr and X,qnq computed as h;émhmnd.
The magnitude of the velocity inputs are chosen randomly from pre-defined intervals, i.e.,
|wl| € [0, Wmaz] and ||V]| € [0, Uimaz] (in our implementation, we set vy,q, = 0.1 meter/second

and wyee = b degree/second). The proposed extension scheme results in C°-smooth camera
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trajectories with discontinuous velocities at each node, hence virtually assuming infinite ac-
celeration is achievable. Of course, such assumption cannot be guaranteed by the underlying

physical robot.

Kinodynamic extension in camera state space

For the case of planning in camera state space, the camera is modeled as an unconstrained
rigid body of mass M and inertia of I as required by the motion equation. The control
inputs are the force and torque which can be exerted to the camera as a rigid body to
change the course of its motion. The equation of motion for the camera under the influence

of control input u(t) = (£(¢), 7(t)), i.e. the pair of force-torque input, is given as [2]

BION v(t)
h(t) Tw. (t).h(t)
x(t) = f(x(t),u(?)) = = 3.13
(t) = f(x(t),u(?)) o) (1) /M (3.13)
o) || R I'R(t)TT(t) |

where wy (t).h(t) denotes the quaternion dot product between [0 w, wy, w.]T and h(t). The
rotation matrix R(t) and its transpose R(t)” are computed by converting the quaternion
h(t) to its matrix representation.

We have defined nominal intervals for the amount of force and torque from which
the magnitudes of force and torque inputs are randomly selected for each extension, i.e.
@) € [0, finaz) and [|7(t)]| € [0, Tinaz); and, similarly to the kinematic extension scheme
explained above, the directions of the force and torque inputs are computed along the relative
direction of the position and orientation of the randomly selected state X;,,,q With respect
to the current state, i.e. ? = m and 7 is chosen as the axis of the quaternion
representing the relative orientation between X,eqr and X,q,q computed as hfwlarhmnd.

Independent of the underlying local controller, the result of the tree extension (if suc-
cessful) is a camera sub-path &, starting from X, and ending at a new camera vector
Xnew (see Figure 3.3). The camera sub-path &, must then be checked for image constraints,

i.e. camera field of view and occlusion due to obstacles, as explained below.

Checking for camera field of view limits

The camera paths (as edges of the camera tree) should be examined for the camera field of

view constraints to ensure that the target features remain within the field of view through



CHAPTER 3. RANDOMIZED PATH PLANNING FOR VISUAL SERVOING 38

out the path. For this, we first use perspective projection to project object 3-D features into
the image space using (3.3). For a 3-D point P; with coordinates [X; Y; Z;]7 in the camera
and image plane coordinates s; = [u; v;]7, following simple inequalities check weather P;

remains in the camera field of view

Umin <  Uj < Umaz
Umin < V5 < Umaz for j=1,...,n (3.14)

Zj >0

where Umin, Umaz, Umin, and Upmq, define the field of view limits and n denotes the number
of target features. The last constraint in (3.14) merely guarantees that the target features

will remain in front of the camera.

Checking for occlusion due to physical obstacles

Target features’ occlusions (due to workspace obstacles, robot body, or the target itself) for
each camera pose along the camera paths are checked by ray-tracing from the camera optical
center towards each target feature. This is done by checking for collision between the ray
radiated from the target feature toward the camera optical center with the physical obstacles
including workspace obstacles, robot body, and target itself. Omne could also employ the
dynamic occlusion checking technique proposed in [3] to check for occlusion along the camera
sub-path. However, the technique in [3] requires explicit computation of the boundary of

occluded and visible regions.

3.2.6 Tracking camera paths in robot configuration space

The camera sub-path £, must be tracked in the joint space to check its feasibility and obtain
the corresponding robot sub-path &, which maintains the camera motion along &,.

We adopt an inverse kinematic controller as in [89] to track the camera sub-paths in
the robot configuration space. Given a desired camera pose [pdT hg]T and velocity screw

vl wI1T along a given camera path, the robot current configuration q(t) is advanced as

q(t + di) = q(t) + ad (3.15)
with joint velocities computed as

€p Va

+Jt (3.16)
€y Wy

q=K,J"
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and where J* is the pseudo-inverse of a nominal model of the robot Jacobian J = dr/dq,
K, is a positive proportional gain, d; is the integration time step, the position error e, is
calculated as

e, =DPd— P, (3.17)
and the orientation error e, is given as [83]

eo=hhy — hyh — S(hy)H (3.18)

where h, hg and ﬁ, }T; are the scalar and vector parts of the corresponding quaternions,
ie, h=1h ﬁT]T and hy = [hy IT;T]T, and S(.) is the skew-symmetric operator.

The new configuration q(t + d¢) is then checked for collision with obstacles and joint
limits as well as closeness to singularities in robot Jacobian and joint velocity limits. Af-
ter successful tracking of the entire camera sub-path &, in joint space and obtaining the
corresponding joint space path &;, a new edge is added to the tree along with a new node

containing &;, &;, and their end points.

3.2.7 Greedy extension of camera tree to the goal

Following each successful extension of the camera tree and with a probability of pgrecdy
a greedy extension is attempted toward the desired camera goal vector x4 defined by the
camera desired position and orientation, i.e. pg and hy, and in the case of kinodynamic
planning, zero linear and angular velocities, i.e., vy = 0 and wy = 0 (the camera comes to
a stop at the goal).

In the case of kinematic extension in camera configuration space, we adopt a simple
linear interpolation (Lerp) between the newly generated configuration X, and the goal
configuration of the camera, x4. The greedy trajectories for the camera position p(t) and

orientation h(t) paths are given as

p(t) = apqg+ (1 - a)pnew (319)
h(t) = ahg+ (1— ) hpew (3.20)

for & € [0, 1]. The linear interpolation in (3.20) results in a straight line in quaternion space
with non-unit quaternions along the path. Hence, the quaternions along h(t) need to be
normalized.

In case of kinodynamic planning in the camera state space, the above linear interpola-
tion is not sufficient since it may not satisfy the camera velocity constraints at the newly

generated state X, and/or at the goal state Xgoal- The greedy extension of the camera
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tree can be formulated in form of a boundary value problem: i.e., we are interested in com-
puting a camera trajectory x(t) for [to,¢;] from a given camera state x(tp) = Xpew to the
desired camera state x(t1) = x4 subjected to (3.13). The interval t, = t; —tg is a predefined
greedy extension time. To solve the above boundary value problem one needs to design
proper force and torque input profiles for the entire greedy extension interval. However, we
devise a trajectory planning approach [23] by using cubic polynomials to generate camera
position and orientation trajectories along the greedy extension. Therefore, the trajectories

of camera position p(¢) and orientation h(¢) (represented as unit quaternion) are given as

p(t) = A3t3 + A2t2 + At + Ap (321)
h(t) = Bst® 4+ Bot® + Byt + By (3.22)

for t € [tg,t1] where A;’s and B;’s are coefficient matrices which can be computed given the
initial and end pose and velocity conditions imposed by xg and x4, and also the termination

time.

3.3 Discusions

3.3.1 Kinodynamic vs. Kinematic Planning

In the above section we explained two alternative kinematic and kinodynamic extension
strategies. Although the proposed planning framework is independent of the chosen ex-
tension strategy, the performance of tracking solution trajectories at the execution stage is
highly affected by the quality (i.e., smoothness) of the planned trajectories.

The kinematic extension strategy results in C%-smooth trajectories with discontinuous
velocities (and infinite acceleration) at extension points, i.e., nodes of the tree. Hence,
the solution trajectories are not suitable to be executed directly on the robotic system and
require to be first smoothened and properly time-scaled. However, the smoothing comes with
the price of deviating from the solution trajectories close to the extension points (cutting
the corners) which may not be plausible without violating the image/physical constraints.
Hence, the robot needs to come to a full stop at extension points to be able to reach and
pass through the sharp corners, which is not desired when performing closed-loop control.
In [41] we show the planning results obtained using the kinematic planning scheme, but we

did not try executing the planned trajectories on a real system.
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On the other hand, the kinodynamic planning scheme, by construction, results in C-
smooth trajectories with continuous velocities and bounded acceleration change, hence re-
quire no further smoothing/time-scaling to be executed on the robot. All the real world

experiments in this thesis use the kinodynamic planning scheme.

3.3.2 Remarks on Complexity

In practice, sampling-based planning algorithms (including RRT-based planners as we adopted
in this work) have been quite practically effective for high degree of freedom spaces. RRT
is probabilistically complete, i.e., the probability that a solution is found tends to 1 as the
number of sampling/extension iterations approach infinity (see [58] for the proof). Unfortu-
nately, as pointed out in [58], it remains a challenge to express the RRT convergence rate for
a particular problem in terms of parameters which can be measured easily. As a common
practice and also to give the reader a better understanding of problem complexity, we have
reported the planning time and the number of successfully explored nodes for each of the

experiments provided in this thesis.

3.4 Summary

In this chapter, we presented our proposed planning framework for visual servoing. The pro-
posed planning framework, built on randomized tree-based planning strategies, explores the
camera planning space for feasible camera trajectories and simultaneously tracks the planned
trajectories in the robot configuration space. The proposed planning scheme, considers the
robot as a kinematic mechanism with a Jacobian relating its task space velocities to the
generalized joint space velocities. This facilitates the application of the proposed framework
to both (serial chain) robotic arms (as shown in Chapter 4), and (non-holonomic) wheeled
mobile manipulators (as shown in Chapter 5).

We discussed the implementation details of planning algorithm, and proposed two al-
ternative kinematic and kinodynamic planning schemes. We explained the flexibility of the
proposed framework and showed how various image and physical constraints can be taken
into account. Table 3.1 lists the parameters used in our proposed planning scheme and their

typical values we used in our experiments.
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Parameter Definition

Typical value

Kinematic Kinodynamic

wp Position weight coefficient in closeness metric

wh Orientation weight coefficient in closeness metric

W Linear velocity weight coefficient in closeness metric
W Angular velocity coefficient in closeness metric

At Camera tree extension time step (sec.)

0t Camera tree integration time step (sec.)

Vmnag Maximum linear velocity extension input (m/sec.)
Winaz Maximum angular velocity extension input (deg./sec.)
fmazx Maximum force extension input (N)

Tmaz Maximum torque extension input (N.m)

ty Greedy extension time (sec.)

0.6 0.4
0.4 0.3
N/A 0.2
N/A 0.1
2.0 1.0
0.04 0.04
0.1 N/A
5 N/A
N/A 0.2
N/A 0.2

5 5

Table 3.1: List of parameters used in our proposed planning framework along with their

typical values we used in our experiments.



Chapter 4

Case Study I: 6-DOF Robotic Arm

In the previous chapter, we presented our proposed planning strategy to plan feasible cam-
era trajectories which are then projected into image space to obtain the desired feature
trajectories. In this chapter, we consider a 6-DOF robotic arm and explain the execution of
the planned feature trajectories using an image-based visual servoing technique. We present
real-world experimental results to show the merit of the proposed planning framework and
its effectiveness in accounting for various image and physical constraints in complex visual
servoing scenarios. We also provide an empirical comparison between the proposed image-
based trajectory tracking controller and a joint space trajectory tracking controller and show

the effect of modeling and calibration uncertainties on the performance of each controller.

4.1 Implementation

The software/system architecture of our proposed framework is shown in Fig. 4.1. The
proposed randomized kinodynamic planning approach has been implemented using our in-
house motion planning kernel (MPK) [34]. The obstacles are imported as known CAD
models into our planning environment. The MPK uses V/I-Collide library to perform
collision checking given the objects CAD models. Please note that the type of environment
representation does not affect the planning scheme given that proper constraint checker
(e.g., collision and occlusion) are in place for the specific representation of the environment.
For instance, in a future extension of our work, we can easily imagine that the environment
model can be acquired using perception techniques based on stereo/depth sensors. We used
the camera factory settings (i.e., intrinsic parameters) with no further calibration.

The initial and desired camera poses are computed using the Dementhon’s technique

43
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'Initial & desired images | Tmage
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Visualization Planning | Kinodynamic VS Planner |Planned trajectory, IBVS q(t)
(OpenRAVE) results | (Motion Planning Kernel) s*(t), Z*(t) Controller 6-dof eye-in-hand

Schunck robot arm

Figure 4.1: Software/system architecture of our proposed framework

[26] and the virtual visual servoing approach provided through the visual servoing plat-
form (ViSP) [67]. For visualization purposes the planning results including the planned
robot/camera trajectory and the camera tree are sent to an OpenRAVE [28] viewer plug-in
where the robot trajectory is visualized /animated. The planned feature trajectories are sent
to an IBVS controller which generates appropriate robot/camera velocity inputs to our 6-
DOF Schunck robotic arm with an in-hand camera. We employed the dot feature tracker in
ViSP to keep tracking of multiple black markers on the target object. The IBVS controller

is explained in more details as follows.

4.1.1 Tracking Feature Trajectories using IBVS

We adopt an image-based trajectory tracking controller as in [69] to track the desired feature

trajectories, s*(t); the following error function is defined in the image space

es = s(r(q(t))) —s" (1), (4.1)

where s(r(q(t))) is the vector of current image features at the current camera pose r specified

by the robot configuration q(¢). Taking the derivative of (4.1) with respect to time, we have

) Jsor. .,
& = §a—qq —$
= LJq- &, (4.2)
where L = % denotes the image Jacobian and J = g—; is the robot Jacobian. To impose
exponential decay of e4(t) to zero, we let é5(t) = —\ses, where \q is a positive gain. Hence,
we have
q=J'LT(-)\e,s +5%), (4.3)

where ¢ denotes the joints velocity input, and J* and L™ are the pseudo-inverses of J and

L, respectively. For a 3-D point P; with coordinates [X; Y; Zj]T in the camera coordinate
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frame and with image pixel coordinates s; = [u; v;]T where [u; v; 1]T = Alz; y; 1]7, the

interaction matrix related to s; is given as

L( 7 ) fpu 0 —%j 0 % mjyj —1 + I? yj
Sj»4j) = :
0 fpo 0 -7 72 1+y —wy -

where z; = (u; — uo)/fpu and y; = (v; — vo)/fpy. The interaction matrix for n feature

: _ (T T
points s = [s] ...s;,

|7 with corresponding depths Z = [Z; ... Z,]T can then be created by
stacking up the interaction matrices of all features as

L(s,Z) = |L%(s1, Z1) ... LY (s,, Zy,) ! (4.4)
As it is seen the interaction matrix depends on the depth information which is not usually
available at the execution time. Hence, a nominal value is used instead [11]. Similarly to [69]
we use L = L(s*(t), Z*(t)) as a nominal model of the interaction matrix which is created by
stacking up the interaction matrices related to all the current desired image features along
the planned trajectory. Moreover, the precise model of the robot kinematic may not be
achievable in practice. Hence, a nominal robot Jacobian J is used in the formulation of the

control law.

Finally, the control law can be written as
q=JtLT(~\se, +8%). (4.5)

In the following section, first we present results of our experiments demonstrating the
effectiveness of the proposed planning framework in accounting for image and physical con-

straints in visual servoing tasks.

4.2 Experimental Results

We validated the effectiveness of the proposed planning framework on a 6-DOF eye-in-hand
robotic arm. The target object is composed of black dots as shown in Fig. 4.2. For ease
of image processing, black dots on white background were used as features; but one could
easily substitute this step with more general features such as lines and contours as long as
real-time tracking is available for features of interest.

The focus of these experiments is to demonstrate the capabilities of the proposed ap-
proach in taking physical and image constraints into account. To better visualize and

illustrate the effectiveness of our approach, we first show how it is approachable to take care
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(b)

Figure 4.2: Experimental setup: field of view and joint limits avoidance experiment

of field of view and joint limit constraints, and then show how it takes care of occlusion and
obstacle avoidance constraints in a cluttered workspace. We contrast our results with an

IBVS method in which the control law is given as
q=-AJTLY(s(t) — s%), (4.6)

where s* = s*(ty) contains the fixed final desired features and the interaction matrix L is
computed at (s*,Z*).

In all experiments we used the camera intrinsic parameters provided by the manufacture
with no further calibration. The video clips of these experiments are available on-line at

https://sites.google.com/site/moslemk/research/kinodynamic-planning-for-vs

4.2.1 Field of view and joint limits avoidance

The robot at the initial and desired configurations is shown in Fig. 4.2(a) and Fig. 4.2(b)
along with the corresponding initial and desired images on their right-bottom corners.
The corresponding camera displacement between the initial and desired camera frames is
[20 35 21] centimeters in x-y-z translation and [34 26 8]7 degrees in roll-pitch-yaw rotation.
Figure 4.3 shows the results obtained using the IBVS technique based on the control law in
(4.6). Asisseenin Fig. 4.3(a), some of the feature trajectories (features 1 and 4 specifically)
leave the camera’s field of view. Figure 4.3(b) shows the corresponding joint trajectories.
All joint values have been normalized to [—1,1] where 1 and —1 determine the upper and
lower limits for each joint, respectively. As shown in Fig. 4.3(b), the trajectories for joints 2
and 3 violate their limits. Either of the above violations results in failure of visual servoing

task.
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We applied our proposed approach to the same task and the results are presented in Fig.
4.4. Using our proposed approach we planned feasible feature trajectories in the image space
as shown in Fig. 4.4(a). These trajectories do not violate the camera field of view and robot
joint limits which have been taken into account at the planning stage. The robot has been
servo controlled along the planned feature trajectories using the tracking control law given

n (4.3). As shown in Fig. 4.4(b), the followed feature trajectories respect the camera field
of view and remain within the image limits. Figure 4.4(e) shows the corresponding joint
trajectories which are within their respective limits. The planned camera tree (in green)
along with the camera trajectory (in red) are shown in Fig. 4.4(h). The solution trajectory
was found in about 80 seconds after about 1500 states were successfully explored. Please
note that the transient tracking errors in image space (4.4(c)) are initially large (up to 30
pixels) primarily due to image measurement errors in segmenting the centers of 2D features
and slow tracking control loop (12Hz) due to the limited frame rate (15Hz) and delays in
processing the image. Supported by our empirical results presented in Section 4.3, and also
existing literature [69] we believe that a faster vision system (= 50Hz, as studied in [20])

will highly improve the tracking performance in the image space.

4.2.2 Obstacle collision and occlusion avoidance

In the following experiments the robot workspace is cluttered with obstacles (i.e., boxes)
which make some parts of the workspace unreachable by the robot (see Fig.4.5). The obsta-
cles also create occluded regions in the workspace from which the target object is occluded
and not visible in the camera image. The robot at its initial and desired configurations
along with the corresponding images taken by the camera are shown in Fig.4.5.

First, we employed the pure IBVS technique to carry out the task of servoing the robot
towards its desired configuration (see Fig. 4.6). The robot trajectory induced by the IBVS
technique results in both occlusion of the target object (see Fig.4.6 left-bottom) and robot
collision with workspace obstacles (see Fig. 4.6). Hence, the IBVS technique fails to ac-
complish this task and was stopped. Most of the previous approaches on path planning for
visual servoing (as reviewed in Chapter 2 and [43]) either fail to incorporate general occlu-
sion and collision avoidance constraints or are susceptible to local minima in such complex
environments.

Our proposed randomized planning framework can, however, effectively take care of
these constraints and, hence, ensures robust execution of the servoing task with respect to

the violation of image and physical constraints. The planned camera tree along with the
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camera trajectory have been visualized in Fig. 4.7(h). The solution trajectory was found
in about 200 seconds after about 900 states were successfully explored. The corresponding
feature trajectories, obtained by projecting the planned camera trajectory into the image
space, are shown in Fig. 4.7. The robot, when servo controlled along the desired feature
trajectories, reaches its desired configuration avoiding occlusion of any of the object features
while avoiding collision with workspace obstacles. The feature trajectories followed by the
servoing control law (4.3) are shown in Fig. 4.7(b). The corresponding planned and followed
robot joint trajectories are shown in Fig. 4.7(d) and Fig. 4.7(e), respectively.

As is apparent from Fig.4.7(f) the joint tracking error of up to about 9 degrees is some-
what more than desired and a systematic way to do this would be via a new controller that

regulates errors in both image and joint spaces, indeed a challenging task and future work.

4.3 Discussion

As mentioned earlier, in the current work the planning is performed without accounting for
uncertainties in modeling and calibration. Although we assume that the system is nominally
calibrated and we have access to robot model and camera parameters provided by the man-
ufacture, the effect of uncertainty may not be fully removed and the tracking performance
is highly affected as noticed through the results presented in previous section. We derive
the error dynamics in image and joint space, both for an IBVS controller (controller I) and
for a joint space controller (controller II). However, a definitive general statement thorough
analytical study of parameters’ uncertainty and their effects on errors in image and joint
spaces is not apparent from these expressions. Therefore, we also provide empirical results
on the effects of uncertainty on tracking errors in image and joint spaces for both controllers

and draw some empirical conclusions discussing the relative merits of the two controllers.

4.3.1 Image Space Trajectory Tracking (Controller I)

Error analysis in image space: replacing (4.5) in (4.2) we obtain the image error dy-

namics:

é; = —\LJJTLte, + (LIJTLT — I)s*. (4.7)

The error e, will have an exponential decay if the term LIJtLT remains positive definite
along the trajectory which can be ensured locally as long as the camera is controlled closely
along the desired feature trajectories. However, the error will converge to zero only if either
LJJ*LT = I or * = 0 which nullify the last term in (4.7). As also studied by Malis [62],
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setting a high gain Ag or reducing the desired velocity §* will reduce the tracking error.
We point out that, ensured by our kinodynamic planning approach, the desired velocity s*
approaches zero as the camera reaches its final desired pose xy, reducing the tracking error
towards the end of the trajectory. Malis and Rives [65] have also studied the stability of
Controller I and showed that it is fairly stable in presence of camera calibration errors, but
with a smaller stability domain when coarse features depth distribution is used.

Error analysis in joint space: the tracking error in joint space is defined as

and we have

Inserting the commanded velocities (4.5) in the above, we obtain
é(t) = ITLY (= Nses +8%) — @ (1) (4.10)
, and knowing ¢*(t) = JTLT$* we have
é,(t) = —AJTLte, (4.11)
From (4.7) we obtain
NI te, = (L) [es ~(LITTLY — 1) (4.12)
which away from singularities in J and L can be simplified as
~A\JTLte, =JtLte, — JTLHLITTLT — I)s* (4.13)

Replacing the result in (4.11) we obtain the relationship between error dynamics in joint

and image spaces as
&, =JTLte, + LT (LITTLT —I)s* (4.14)

The first term in (4.14) relates the dynamics between the image and joint spaces in
ideal conditions. But, in practice the second term is added and introduces disturbance to
joint space error dynamics, which in turn may reduce the tracking performance in joint
space; Although, as imposed by our proposed kinodynamic planning approach, the desired
feature trajectories velocities approach zero towards the end of the trajectory, $*(t) — 0 as
t — ty, tracking errors in joint space will be observed along the trajectory because of second

term in (4.14). Moreover, the rate of change of the tracking error is proportional to the
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desired tracking velocity §* and is also affected by the singularities in robot Jacobian and
image interaction matrices. Our proposed planning framework yields trajectories away from
singularities in both robot Jacobian and image interaction matrices. Obviously, reducing
the tracking velocity helps to reduce the tracking error in joint space. Unfortunately, a full
analysis of uncertainties in the robot Jacobian and image Interaction matrices and their
effects on the performance of the proposed tracking algorithm remains to be out of reach

and requires further study.

4.3.2 Joint Space Trajectory Tracking (Controller II)

We start by deriving the joint trajectory tracking control law with the objective of tracking

a desired (planned) trajectory q*(¢). The error function in joint space is defined as

eq(t) = a(t) —q’(?) (4.15)

and we obtain
€ =q(t) —a’(t) (4.16)
To ensure exponential decay of the error to zero, we impose €, = —\,e, in the above

equation which yields the control law
a= Aoy + 4" (4.17)

Error analysis in joint space: by closing the loop, i.e. replacing (4.17) in (4.16), the

control law in (4.17) guarantees exponential convergence of error to zero in joint space, i.e.
€, = —\geq (4.18)

Error analysis in image space: now, let us look at the error dynamics in the image space
under the control law given in (4.17). The error in the image space is defined as in (4.1)
with the dynamics given in (4.2). Solving (4.16) for q and replacing the result in (4.2), we

obtain a relationship between the error dynamics in image and joint spaces as
é,=LJ(é+q") —s" (4.19)

Knowing ¢* = J*L+$*, we obtain a relationship between the error dynamics in image and
joint spaces as
é; = LIe, + (LJTTLT —I)s* (4.20)

Given the above relationship, the error dynamics in joint space would translate to the error

dynamics in image space through the term LJ, i.e. the actual robot-image Jacobian. Hence,
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we would expect similar trends for error dynamics in both spaces if LJ remains positive
definite, i.e., decays (or growth) of the error in image space leads to decays (or growth)
of the error in joint space. However, the second term in (4.20) introduces an additional
error to the error dynamics in joint space. This additional term comes from the discrepancy
between the actual and nominal values for the image-robot Jacobian. Clearly, under ideal
conditions there is no such error.

Table 4.1 summarizes the image and joint trajectory tracking controllers given in (4.5)

and (4.17), respectively, along with their corresponding error dynamics in each space.

Controller I: image trajectory tracking Controller II: joint trajectory tracking
q=J"LT(-\ses +8%) q=—-Ne,+q"

Image err dyn  é, = —ALJJtLte, + (LIJTLT —1)s* ¢, = LJé, 4+ (LITTLT — I)s*
Joint err dyn ¢, =JtLteé, + JTLT(LJJTLT —I)s* ¢, = —\,e,

Table 4.1: Error dynamics in image and joint spaces for two controllers: image and joint
space trajectory tracking

4.3.3 Empirical study of calibration and modeling uncertainties

We provide an empirical comparison between the performance of the two controllers in Table
4.1 under various conditions: uncertainties in camera focal length and robot kinematics, and
image measurement errors. We consider a simple planning example for sake of simulations,
where the camera trajectory is defined as a 90 degrees rotation around its optical axis. The
target consists the vertices of a square with the optical axis of the camera passing through
its center and orthogonal to its plane. The camera is assumed to be mounted at the end-
effector of a 6-DOF robotic arm (the one we used for our experiments in previous section)
in a way that the 90 degree rotation of the camera can be achieved by rotating joint 6 only.
The desired feature and joint trajectories are shown in Fig.4.8. The total trajectory running
time is 30 seconds. We use the controllers in Table 4.1 to execute these trajectories and
compare their performance. Both controllers are simulated at 50Hz and have access to joint
encoder data and image measurements at the same rate.

Ideal conditions: First, as a reference, we simulate an ideal condition, i.e., no calibra-
tion/modeling uncertainty and away from singularities in robot-image Jacobian. Under
such ideal conditions both controllers demonstrate fairly similar performances as shown
through the tracking errors in both image and joint spaces in Fig.4.9. These results serve as

a reference to compare the performance of the controllers in Table 4.1 under the following
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conditions simulated individually:

e 5% error in camera focal length (Fig.4.10)
e up to 5 pixels (random) image measurement error (Fig.4.11)

e 1 cm position error and 1 degree orientation error in robot forward kinematic model

(Fig.4.12)

Summary of results: comparing the tracking errors obtained as the result of using Con-
troller I (i.e., image trajectory tracking) with those yielded through Controller II (i.e., joint
trajectory tracking) a somewhat expected trend is observed for all uncertainties. These re-
sults do confirm our intuitive expectation that neither the image trajectory tracking nor the
joint trajectory tracking can achieve low errors in both image and joint spaces. However,
relatively speaking, the image trajectory tracking performs well (i.e., yielding an exponential
decay of tracking error to zero) in image space (see subfigures (a) in Fig.4.10-4.12) while the
joint trajectories converge to within about 5 degree (i.e., not too large) steady state error
(see subfigures (b) in Fig.4.10-4.12). Joint trajectory tracking yields an exponential decay
of tracking error to zero in joint space (see subfigures (d) in Fig.4.10-4.12) but with poor
performance in image space (see subfigures (c) in Fig.4.10-4.12), particularly in presence of
forward kinematic errors (very large steady state image errors of up to about 50 pixels). This
lends some support to our decision to adopt an image space trajectory tracking controller.

We also note that the answer to the question - which controller should be used to
execute the planned trajectories - also depends on the task. That is, for example, if the
task objective requires a close tracking of feature trajectories within the image while the
error in joint space can be tolerated then the image trajectory tracking controller should be
adopted. For example, in MEMS micro-manipulation applications close tracking of micro-
parts trajectories is very crucial to avoid occlusion of micro-parts by the gripper or loosing
them from the field of view. Hence, an image-based trajectory tracking through out the
whole trajectory is advisable (e.g., as adopted in [87]).

Our current work does not account for calibration, modeling errors as well as sensing
and control errors that may result in deviations from planned (joint space) paths during
execution - such as the observed joint space tracking errors in our simulations and in exper-
iments. Such deviations may result in violation of, for example, physical constraints (joint
limits and collisions). However, we argue that it is indeed possible to extend the planning

framework to incorporate such errors. We outline such an approach.
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In order to account for such joint errors at planning stage, we need to know the error
bounds as a function of uncertainty parameters. In the absence of any analytical results
on these bounds so far, the key observation is that the joint space tracking errors can be
estimated via a simulated image-based trajectory tracking step. More precisely, after each
successful extension of the camera tree, the robot is simulated to move along the (locally)
extended image trajectory using the same controller as will be used in the actual execution
(say, Controller I, as explained above) with appropriate uncertainties on kinematic model
and/or camera parameters and thus determining the maximum deviation of joints from
the planned joint trajectory. Once this error bound is known, we can easily determine the
volume swept by the robot corresponding to the error bound (see the orientation slicing
method, Section 5.1, page 283 in [55]) and augment the robot size by this swept volume.
The RRT extension is then re-checked for collisions with the augmented robot and discarded
if there is collision, and kept otherwise.

However, one should note that the problem, in general, may not be convex, i.e., extreme
levels of uncertainty in parameters may not correspond to extreme joint tracking errors.
This makes determining joint error bounds while accounting for all uncertainties compu-
tationally intensive. For instance, if there were n uncertainty parameters, each discretized
to k quantization levels, one would need to run the simulated control k" times, and hence
determine the global bounds for the joint errors. An approximate and faster alternative
would be to consider only a subset of most influential parameters, e.g. camera intrinsic
parameters such as camera focal length.

We carried out some simulations allowing uncertainty in the camera focal length only.
Figure 4.13 shows the joint space tracking errors obtained for servoing the robot along the
image trajectories in Fig.4.8(a) under different amounts of uncertainty in focal length. As
shown, the joint tracking errors monotonically increase (or decrease) as the focal length
error increases (or decreases), i.e., extremes of the joint errors occur at extreme values of
uncertainty. This convexity property can be utilized towards providing general guidelines
for selecting the joint error bounds at the planning stage. Nonetheless, we point out that
this property may not always hold especially when including more than one source of un-
certainty, hence, one needs to calculate more conservative bounds by simulating over the

entire parameters uncertainty space.
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Figure 4.3: Results obtained using pure IBVS: as shown in (a) the feature trajectories

induced by the IBVS violate the virtual limits imposed on the camera field of view, and as
seen in (b) the joint trajectories violate the limits imposed on two robot joints.
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Figure 4.4: Results obtained using our proposed kinodynamic planning approach: as shown
in (b) the followed feature trajectories respect the field of view limits and as seen in (e) the
corresponding joint trajectories respect the joint limits. The planned camera tree (in green)
along the planned trajectory (in red) are shown in (h).
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Figure 4.5: Experimental setup for the collision and occlusion avoidance experiment: in this
experiment the robot has to be servo controlled towards its desired configuration located
in narrow empty space between the obstacles which cause occlusion of the target and/or
collision with the robot.

Figure 4.6: Results obtained using pure IBVS: the trajectories induced by the IBVS tech-
nique results in occlusion of some of the target features by the workspace obstacles (see
the image at the bottom-left corner), and collision of the robot with workspace obstacles as
shown at the top-right corner. Hence, the servoing task fails.
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Figure 4.7: Results obtained using the proposed kinodynamic planning approach: the
planned camera tree (in green) along the planned trajectory (in red) are shown in (a).
The robot (servo controlled along the planned feature trajectories) moves towards its de-
sired configuration located in the narrow empty space between the obstacles while avoiding
collision with obstacles and keeping target in the field of view. So, the servoing task has
been performed successfully.
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Figure 4.9: Tracking errors in image and joint spaces under ideal conditions, i.e., no cali-
bration/modeling uncertainties and away from singularities in robot-image Jacobian: (a)(b)
image trajectory tracking, and (c)(d) joint trajectory tracking
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Figure 4.10: Tracking errors in image and joint spaces in presence of 5% error in camera
focal length: (a)(b) image trajectory tracking, and (c)(d) joint trajectory tracking
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tracking



CHAPTER 4. CASE STUDY I: 6-DOF ROBOTIC ARM 62

T

image tracking error [pixel]
N
o
joint tracking error [deg]

0 10 20 30 0 10 20 30
time [sec] time [sec]

(a) (b)
60/ 0.05;

~0.05/
0.1}
~0.15]
~0.2}

-0.25!

joint tracking error [deg]

image tracking error [pixel]

0 10 20 0 2% 10 20 30
time [sec] time [sec]

(c) (d)
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Figure 4.13: Joint tracking errors obtained by applying an image-based trajectory tracking
along the image trajectories in Fig.4.8(a) under (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%, and
(f) 5% error on focal length. As shown, the joint tracking errors monotonically increase (or
decrease) as the focal length error increases (or decreases).



Chapter 5

Case Study II: 9-DOF Wheeled
Mobile Manipulator

Wheeled Mobile Manipulators (WMM) are major efforts to bring both mobility and ma-
nipulation capabilities to human environments (Figure 5.1). To move autonomously and
accomplish tasks robustly in complex environments high-level global motion planning tech-
niques should be closely integrated with sensor-based control of such systems. Many efforts
have been devoted to both motion planning and sensor-based control with promising ad-
vances in each individual area over the past decades. However, the integration of planning
and control, in particular for complex systems such as a WMM, remains a challenging topic,
and also crucial towards fully autonomous and robust solutions.

Despite many efforts on image-based control of robotic arms and mobile robots, there are
very few works extending classical image-based control techniques to mobile manipulators.
Wheeled mobile manipulators introduce two main challenges: non-holonomic kinematic
constraints at the mobile base, and task redundancy. In [77] an inverse kinematic control
is applied to servo control a mobile hand-eye system by deriving a Jacobian for the whole
system as a kinematic chain. The work in [24] benefited from the task redundancy through a
task sequencing strategy to avoid kinematic singularities during the servo control of a WMM.
Due to the complexity of WMM systems accounting for image and physical constraints
becomes even more challenging compared to robotic arms.

In this chapter, we extend our efforts on incorporating randomized path planning tech-
niques with image-based control of robotic arms ([41][42]) to wheeled mobile manipulators.
To the best of our knowledge, this is the first effort toward integrating path planning with

image-based control of wheeled mobile manipulators.

64



CHAPTER 5. CASE STUDY II: 9-DOF WHEELED MOBILE MANIPULATOR 65

Figure 5.1: SFU wheeled mobile manipulator system (a Powerbot mobile platform with
an on-board 6-DOF Schunck robotic arm) reaches a desired location by tracking a target
object.

We consider a visually-guided task [48], i.e., to move the robot from an initial to a desired
location with respect to a stationary target while keeping the target in the field of view of
the in-hand camera and avoiding occlusions/collisions (due to obstacles) without violating

the kinematic constraints of the robot (Figure 5.1).

5.1 Path Planning for Image-based Control of Wheeled Mo-

bile Manipulators

The two-step plan-then-execute methodology presented in Chapter 3 is also applied here:
first, we plan a feasible trajectory for the whole WMM system. The planned trajectory is
then projected into the image space to obtain the desired feature trajectories which are then

executed using a closed-loop feedback strategy.

5.1.1 Path planning with image and physical constraints

We employ the planning framework presented in Chapter 3 to plan feasible trajectories for
the whole WMM (as a kinematic chain) under image and physical constraints to accomplish
the above visually-guided task. The camera tree extension follows the kinodynamic exten-
sion in camera state space (as explained in Chapter 3). The local paths obtained as the
result of this extension are projected into the image space to check for image constraints, i.e.
field of view limits and occlusions of target object by other obstacles or itself. Given that

the local camera paths violate no image constraints, they are then tracked in the WMM
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configuration space (C-space) using a local planner to check for physical constraints, i.e.
collision with obstacles and joint limits. All the above steps follow the implementation ex-
plained in Chapter 3. However, to exploit the redundancy of the WMM system we employ
weighted pseudo-inverse Jacobian solutions combined with a null space optimization tech-
nique to effectively coordinate the motion of the mobile platform and the arm for tracking
the camera local paths in C-space.

The above planning stage yields a feasible trajectory for the whole WMM system from
which one may extract and generate individual trajectories for the mobile platform, on-
board robotic arm, in-hand camera, and image features. The planned trajectories are then

executed using a decoupled feedback control scheme as explained below.

5.1.2 Decoupled feedback control scheme

The planned trajectories could then be executed in different ways. An ideal and challenging
way would be to design a controller that reconciles errors in both C-space and image space
and is a future research topic. More simply, one could execute the WMM trajectory directly
in the WMM C-space. However, deviation may occur due to uncertainties in the motion
of the mobile platform. Using a feedback control strategy would help to reduce the mobile
platform tracking error. Nonetheless, even small tracking errors of the mobile platform may
result in large deviation of the camera at the end-effector, hence loosing the target in camera
field of view. This suggests the need for closing the loop within the image space to account
for potential tracking errors of the mobile platform.

Here we propose a decoupled feedback control strategy to move the WMM along the
above desired trajectories; we utilize an image-based control technique to servo control the
robotic arm along the desired feature trajectories, while a state feedback control is employed
to move the mobile platform along its desired trajectory in Cartesian space. These two
controllers run simultaneously in two separate threads to move the whole WMM along the
planned trajectories.

This chapter presents the preliminary results we obtained by planning feasible trajecto-
ries for the SFU 9-DOF WMM system with an in-hand camera to accomplish a visually-
guided task (Figure 5.1). We also show the results of executing the planned trajectories on
the real system using the above decoupled feedback control scheme.

First, we present the WMM kinematic modeling which is used to derive and implement

the planning and control schemes.
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Figure 5.2: Differential-drive mobile platform

5.2 Kinematic Modeling

5.2.1 Mobile Platform Kinematics

We assume that the mobile platform moves on a planar surface (Fig. 5.2); and it has two
actuated wheels which can roll independently with fixed headings. We make the rolling-
without-slipping assumption for the wheels, i.e., the contact point of each wheel with the
ground has zero velocity which introduces a non-holonomic constraint in the kinematic
equations of the motion of the platform.

We follow the representation proposed by Samson and Ait-Abderrahim [80] in which the
mobile platform position (z, and y,) is represented as the components of the vector 175 in
the basis of mobile frame Fj; attached to the platform, i.e. ﬁ = xp7M + yp7M. The
point NN is located at a distance d from the wheels axis such that W = d? M and point
O is the origin of the fixed frame Fp. The platform orientation 6, is chosen as the angle
between 70 and 7M. Hence, the platform configuration is given as q, = [xp,yp,ﬁp]T.
The above representation is well adapted to the strategy we adopted from [80] to track the
mobile platform along its planned trajectory in Cartesian space (see Section 5.4.2).

Considering the mobile platform as a kinematic system, we assume that the pseudo
velocity u, = [vp wp]T where v, is the linear velocity along 7} M and wy, = ép, can be taken

as the mobile platform control input.
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The state equation of the mobile platform is then given as [80]

qp = Gp(Qp)up (5.1)
with
1 Yp
Gplap) = | 0 —(d+mp) (5.2)
0 1

5.2.2 Robotic Arm Kinematics

The C-space of the n-DOF robotic arm can be parameterized as qq = [qa; Gay - Gan)’
where g4, Gay, - - -5 qa, are the individual joint values. The arm is a kinematically uncon-
strained, i.e. holonomic, system. Hence, the joint velocities q, can be independently speci-

fied at any configuration. So, the arm control input vector u, can be set as
U, =qq (5.3)
The pose of the arm’s (or equivalently, WMM’s) end-effector is represented as a 7-D vector
& = [p¢ b{]" (5.4)
where p¢ is a 3-D vector representing the end-effector position and h¢ is a 4-D unit quater-
nion representing the end-effector orientation.

5.2.3 Mobile Manipulator Kinematics

The whole mobile manipulator C-space can be parameterized in terms of the configurations

of both the mobile platform and on-board robotic arm, i.e.

qdp
q= (5.5)
da
The kinematic model of the mobile manipulator sets the location of its end-effector (equiv-
alently, the end-effector of the on-board robotic arm) as a function of its configuration,
i.e.

£ = £a = F(qpa qa) (56)
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By differentiating (5.6) with respect to time and using (5.2) we have

u
; OF (ap.Qa 9F(dp,da P
£ = | Foetdo(q,) Tore |
U,
= J(ap,qa)u (5.7)
where u = [ug ul'lT denotes the mobile manipulator control input which is related to

C-space (generalized) velocities as

. Gp(ap) O3xn u,
a= ~ G(ay)u (5.8)

0n><2 In><n Ug

and to the end-effector velocity screw through the mobile manipulator Jacobian J(qp, qq,).

5.3 Camera Trajectory Tracking in C-space

As explained before, we employ the same planning approach explained in Chapter 3 to plan
feasible trajectories for the whole WMM system. However, to exploit the redundancy of the
system and coordinate the motion of the mobile platform and the on-board arm, we extend
the local controller used to track the camera trajectories in the WMM C-space. We employ
an inverse kinematic control in which kinematic tracking control laws are designed using
the differential kinematic model in (5.7). This step extends our work in [42] on robotic arms
by coordinating the motion between the mobile platform and the arm through a weighted
pseudo-inverse Jacobian strategy, and performing null-space optimization to utilize the task
redundancy of the WMM.

Without loosing generality, we assume that the camera frame coincides with the robotic
arm end-effector which is effectively the WMM end-effector. Now, given an end-effector
trajectory £€*(t) (extracted from a camera local trajectory), the problem is to find control

input u(t), such that

£ (1) = Ju() (5.9)
as in (5.7), which asymptotically stabilizes the task error e(t) = &(t) — £*(¢). All the exact
(least-squares) solutions which satisfy the end-effector task constraint (5.9) are given as

ut) = I E (@) + T = ITD)z(t) (5.10)

in which J* is the pseudo-inverse of J, the term I—J*J represents the orthogonal projection

matrix in the null space of J, and z(t) is an arbitrary input velocity vector. The second
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term of the solution is therefore a null space velocity which does not affect the task at the
end-effector (in Section 5.3.2 we will explain how the task redundancy is used to increase the
manipulability of the robotic arm along the planned trajectories). This solution minimizes
the Euclidean norm ||£* — Jul|.

Recalling ¢(t) = G(qp)u(t) from (5.1) we have

a(t) = GITE () + GA - I T D)z(t) (5.11)

The corresponding C-space trajectory q*(t) can then be reconstructed using a discrete

time integration technique, e.g., an Euler forward integration as
q'(t+ At) =q*(t) + q(t)At (5.12)

where At is the time step. To avoid drifting due to the numerical integration errors, and
hence to asymptotically stabilize the error e(t), a closed-loop inverse kinematic solution is

chosen instead, i.e.
q=GJ*t [ﬁ* — Ke(€— 5*)] +GI-J"))z (5.13)

where K¢ is a constant positive-definite gain matrix.

The C-space trajectory q*(t) is then checked for collision between the WMM body and
the obstacles, as well as joint limits of the arm. Given that q*(t¢) is collision free and does
not violate any joint limits, the camera trajectory &€(¢) is added to the tree along with its

end-point as a new node.

5.3.1 Motion Coordination via Weighted Pseudo-Inverse Jacobian:

The components of u(t) in (5.9) have different physical dimensions, i.e., it is composed of
two linear velocity and one angular velocity components for the mobile platform and six
angular velocity components of the arm joints. So, it would be necessary to evaluate the
magnitude of the solutions obtained using (5.13) based on appropriate weighting of the
components. For example, we prefer a weighting strategy in which the mobile platform has
a relatively bigger contribution in translational motions comparing to the robotic arm. This
can be done by obtaining weighted-norm solutions of (5.9) using a weighted pseudo-inverse
Jacobian formulation [74]. Let
J* =73Q,"

where Qg is the square root of a symmetric and positive definite weighting matrix @, i.e.,
Q = QY Qo. Then, all the Q-weighted-norm solutions of (5.9) are given as

Lk

u(t) = Qp I* & () + Qp (1 - I* I )a(t) (5.14)
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Correspondingly, (5.13) can be written as
q =Gy’ [&* — Ke(€ - e*)] +GQy (1 - I# I )z (5.15)

The weights in @ can be either modified dynamically (on-line) based on some proper mea-
sures, or set fixed. We have chosen the latter approach in which we choose relatively smaller
weights for the mobile platform linear velocities, which in turn favors the motion of the mo-

bile platform over the arm’s in translation movements.

5.3.2 Improving Manipulability via Null Space Optimization:

The redundancy of the WMM with respect to the task at the end-effector (i.e., end-effector
trajectory tracking) can be used to improve the value of (configuration-dependent) scalar
performance criteria H(q), such as distance from singular configurations, joint limits, and/or
obstacles. This can be achieved by a gradient descent method in which the potential function
H(q) has its minimum value corresponding to the objective requirements. We can write the
time variation of the H(q(t)) as

H=vVTH(q)q, (5.16)

and considering only the motion due to null space velocity term in (5.15), we have
H=VTH(q)GQ;' (I - I# J#)z (5.17)

In order to decrease H, we need to ensure H < 0. One choice for z can then be

T
z=—ky |VTH(q)GQ; (1 — J# ' J#) (5.18)

where kp is a positive scalar.

In our proposed planning framework, we use the problem redundancy to increase the
manipulability of the robotic arm only (not that of the whole WMM) through the above
local optimization strategy. The rational behind choosing this objective (and not others
mentioned above) goes back to our proposed decoupled control strategy in which the robotic
arm is servo controlled along the feature trajectories using a closed-loop (image-based)
inverse kinematic control; clearly, maintaining good manipulability for the robotic arm will
improve the performance of such controller which strongly relies on the Jacobian inverse.
It is also noteworthy that through some trajectories the robotic arm manipulability may
be poor whereas the whole WMM system keeps a good measure of manipulability, i.e.,

improving the latter does not necessary improves the former (see [5]).
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In its general form the manipulability measure is defined as p = ’JJT‘. For a square
Jacobian matrix, e.g., the case of 6-DOF robotic arm here, it is equivalent to the arm
Ja

motions leading to trajectories (or configurations) with good manipulability for the robotic

Jacobian determinant p, = . Letting H = —p4(q,) in (5.18) will favor those null space

arm. However, it must be noted that due to the local optimization nature of the above
scheme, one cannot guarantee its singularity avoidance and its performance may degrade
over long trajectories. Hence, the trajectory obtained through (5.15) needs to be checked

for singularities.

5.4 Decoupled Trajectory Tracking Scheme

The proposed path planning explained above yields a WMM trajectory q*(¢), which in
turn can be decomposed into the corresponding mobile platform trajectory q;‘,(t), robotic
arm trajectory q(t), camera trajectory £€*(¢), and finally image features trajectories s*(t)

pertinent to the object features, i.e.,

Q' () = qu(t), au(t), £°(1), s7(t) (5.19)

We propose a preliminary version of a decoupled feedback control strategy to move the
WMM along the above desired trajectories; we utilize an image-based control technique
to servo control the robotic arm along the desired feature trajectories s*(¢), while a state
feedback control is employed to move the mobile platform along its desired trajectory q;‘,(t)
in Cartesian space. These two controllers run simultaneously in two separate threads to
move the whole WMM along the planned trajectories.

Remark: It must be noted that successful execution of the planned WMM trajectory
using the above decoupled control strategy relies on two assumptions: first, the robotic arm
and the mobile platform both are precisely controlled along their respective trajectories,
and second, the trajectory tracking threads are synchronized. The preliminary experiments
presented in this work were obtained without a synchronized tracking strategy which is the

subject of our future research.

5.4.1 Image-based control of the arm

In the proposed decoupled control scheme, the on-board arm is controlled along the planned
feature trajectories s*(¢) using the control scheme employed for the stationary arm in the

previous chapter. However, the the mobile platform motion contribution in the image must
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be taken into account. More precisely, the control law to servo control the arm along the

planned features trajectories is given as

~1 ~ | u
a=J, (TH(-nes+5)-T| 7 1) (5.20)
0
where u* = [v} w?]? is the vector of linear and angular velocities of the mobile platform

P p “p
along the planned trajectory, and J is the mobile manipulator Jacobian.

5.4.2 State feedback control of the mobile platform

We adapt the non-linear state feedback control law devised by [80] for stabilizing the non-
holonomic mobile platform to its planned trajectory qp(t) = [7,(t) y,(t) Gz(t)]T in the

Cartesian space. The linear and angular input velocities (wp(t), vp(t)) are calculated as [80]

ks~ k ~ k
wpt) = 20— Lhy(j+df) + i (5.21)
ko ko ko

vp(t) = ksks@ + (2ksks + hy + ke)0 + [(1 — k1)§ — krd0)(wp(t) + 035(t))

~—

o Op(t) = 0,(t) — 05(1), Tp(t) = 2yt

o hy(0,t) = v (t) <20=L 1 dg (1) *a0

— (1), and gy (t) = yp(t) — 4 (¢)

Y

o ho(f,t) = deg(t)iwsg—l — v (t) Sigé

e v;(t) is the desired linear velocity along the planned trajectory q(t)
e ki,...,kg are constant gains

Mobile platform state estimation: As a property common to all such control laws,
they require a fairly precise estimate of the mobile robot state (or pose) to ensure local
stabilization to the desired trajectory. One can use existing localization techniques such
as Monte Carlo localization to localize the base. This might require other types of sensors
such as laser scanners to be incorporated, and hence increase the complexity of the overall
system. Moreover such approaches are relatively slow, and require multiple scans of the
scene to be able to provide a fairly precise estimate of the platform pose.

We implemented a state estimation strategy based on the image feedback from the
known target object: we first localize the camera with respect to the target object using the

technique in [66] where a virtual visual servoing techniques is used to estimate the camera
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pose. The estimated camera pose is then translated back to the arm base pose, i.e., the
mobile platform pose, using the known arm kinematic model and its joint encoder data.
The estimated pose is then used in the state feedback control law in (5.21). The above
localization process runs in real-time on a separate thread while both the arm and the
platform are controlled along their respective trajectories.

The decoupled feedback control scheme proposed above is our first effort to execute the
planned trajectories on the mobile manipulator. Other strategies are worth to be compared.
For example, one may control the robotic arm directly in the joint space (using, e.g., a simple
resolved rate motion controller) along its desired trajectory without closing the loop in the
image. However, through this approach the robotic arm is not constrained to track the
desired feature trajectories in the image, and even small errors in positioning of the mobile
platform will result in deviation of the robotic arm from the desired feature trajectories, and
hence loosing the target object in the camera field of view and not being able to localize
the platform through the image feedback. Closing the control loop in the image is an
interesting advantage of the proposed control strategy which compensates for the possible
errors in positioning of the mobile platform, and hence avoids deviation from the desired

feature trajectories.

5.5 Preliminary Experiments and Results

We implemented our proposed kinodynamic planning approach and feedback control schemes
on a wheeled mobile manipulator system which consists a Powerbot mobile platform with
an on-board 6-DOF Schunck robotic arm with a Bumblebee2 camera mounted at its end-
effector (see Fig. 5.5). Both the arm and the mobile platform are equipped with low-level
velocity controllers which facilitates the implementation of our proposed image and state
feedback trajectory tracking controllers.

We used the ViSP visual servoing platform [67] to implement the proposed image-based
trajectory tracking for the arm. We used the camera pose estimation using virtual visual
servoing [66] provided by ViSP for the real-time pose estimation of the mobile platform as
we explained in previous section.

Here we present the results of our first experiments on the WMM system to perform a
visually guided task: moving from an initial to a desired location while avoiding image and
physical constraints. The initial pose of the mobile platform is estimated using the initial

view, and the final configuration of the WMM is implicitly defined by the desired view at the
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Figure 5.3: Left: initial view and the desired feature trajectories, right: desired final view,
and the followed feature trajectories

Figure 5.4: Planning environment visualized in OpenRAVE: camera tree (in green) and the
planned trajectory (in red)

four coplanar dots (Fig. 5.3) on the target object. Please note that the final configuration
of the WMM falls out as the result of the planning which may vary on different runs but
will yield the same desired view which is the objective of the task.

As shown in Fig. 5.4, the desired location of the camera is located in between the long
obstacles on the sides of the target dots. To reach the desired location, the WMM system
needs to move around the obstacle in front of it while keeping the feature in view and
making sure that the long obstacles do not occlude its field of view. Planning in such a
constrained space is very challenging. Our proposed kinodynamic planner succeeds to find
a trajectory in about 200 seconds. The planned camera tree and its final trajectory are
shown in Fig.5.4. The planned camera trajectory was then projected into the image space

to obtain the feature trajectories as shown in Fig. 5.3(left).
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Figure 5.5 shows the snapshots of the WMM tracking the planned trajectories using
the proposed decoupled control scheme. As shown the WMM manages to move around
the obstacle at the front while keeping the features in the field of view and avoiding occlu-
sion/collision due to obstacles. The followed feature trajectories are shown in Fig. 5.3(right).

The video of this experiment is available on-line at http://youtu.be/m6HCwEctxj0

5.6 Discussions

The experiment presented above is our first effort on running the planned trajectories using
our proposed decoupled feedback control scheme. Through this experiment we had a few

observations which lead to our future research and developments:

e Developing a synchronization strategy between the motion of the mobile platform and
the arm is very crucial: we observed that due to the lag of the mobile platform in
responding to velocity control inputs (up to 5 cm/degrees in position/orientation) the
arm deviates from its desired trajectory (up to 20 degrees for some joints) to com-
pensate for the platform tracking error while achieving its feature trajectory tracking

task in image space.

e The performance of the mobile platform state estimation strategy degrades due to
shaky movements of the platform in particular at the beginning of the trajectory
and during the turns. Moreover, for a better estimation accuracy the image features
should be spread in the image which requires the camera to be close to the target. In
the above experiment the camera was initially located about 150 cm away from the
target. For distances above 100cm, or when the platform shakes during the tracking we
had to use the on-board odometry to maintain an estimate of the platform state. One
interesting direction is to combine the odometry with the image-based state estimation

for a better performance.

e Finally, although the error dynamics and stability of each individual controller used
in our decoupled control scheme has been studied previously ([80][30]), the overall
stability and performance of the proposed decoupled control scheme requires further

studies.
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5.7 Summary

In this chapter we extended our efforts on incorporating randomized path planning tech-
niques with image-based control of robotic arms to wheeled mobile manipulators. We
employed a two-step plan-then-execute strategy as proposed in Chapter 3. We used the
planning framework proposed in Chapter 3 to plan feasible trajectories for the whole mobile
manipulator system to accomplish a visually-guided task. We extended the inverse kine-
matic controller used to track the camera trajectories in the WMM configuration space,
by using weighted pseudo-inverse Jacobian solutions combined with a null space optimiza-
tion technique to effectively coordinate the motion of the mobile platform and the arm for
tracking the camera local paths in C-space.

We proposed a decoupled feedback control scheme to execute the planned trajecto-
ries: the on-board arm is servo controlled along the planned feature trajectories using an
image-based visual servoing scheme (as adapted for the 6-DOF robotic arm in Chapter 4).
Simultaneously, the mobile platform is controlled along its planned trajectory in Cartesian
space using a state feedback control scheme.

We presented our first results obtained by executing the planned trajectories on our
9-DOF WMM system using the above decoupled scheme to accomplish a visually-guided
task. This is the first step towards integrating path planning with image-based control of
wheeled mobile manipulators and, as discussed in previous section, some issues still remain

to be addressed before we can achieve robust execution of the planned trajectories.
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Figure 5.5: Snapshots of the wheeled mobile manipulator system following the planned
trajectories to reach the desired location while avoiding collision/occlusion due to obstacles
and keeping the target in the field of view.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

We presented our efforts on incorporating randomized path planning technique with image-
based control of robotic arms and wheeled mobile manipulators. We proposed and imple-
mented a general planning framework which effectively accounts for image and physical
constraints encountered in visual servoing tasks. The proposed planner explores the camera
planning space (using an RRT-like scheme) for feasible camera trajectories satisfying field
of view limits and occlusion constraints, and simultaneously the camera trajectories in the
robot configuration space and checks for robot kinematic constraints and collision with ob-
stacles. The result is a search tree which explores both camera planning space and robot
configuration space for feasible trajectories for the whole robot body. The solution camera
trajectories are then projected into the image space of the camera to be executed on the
robot using an image-based visual servoing scheme.

We developed two local planning scheme within the proposed framework: a kinematic
planning scheme in camera configuration space, i.e., space of camera poses, and a kinody-
namic planning scheme in camera state space, i.e., space of camera poses and velocities. In
contrast to the former, the latter approach results in smooth trajectories by construction
which require no further smoothing/time-scaling to be executed on the real robot.

We implemented the proposed framework on a 6-DOF robotic arm with an in-hand
camera. We implemented an image-based visual servoing scheme to execute the solution
feature trajectories on the 6-DOF robotic arm. We performed a number of real-world
experiments on the 6-DOF robotic arm to show the merit of the proposed planning scheme

and its effectiveness in accounting for a variety of image and physical constraints. Pertinent
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to the execution of solution trajectories, we also contrasted the image-based trajectory
tracking controller with a joint space trajectory tracking controller through a number of
simulation results. We provided an empirical study comparing the performance of the two
controllers under modeling and calibration uncertainties.

We also extended the proposed framework to path planning for image-based control
of wheeled mobile manipulators. We employed weighted pseudo-inverse Jacobian solutions
combined with a null space optimization technique to effectively coordinate the motion of
the mobile platform and the arm for tracking the camera local paths in the whole mobile
manipulator configuration space. We executed the solution trajectories on a 9-DOF wheeled
mobile manipulator system, i.e., a non-holonomic mobile platform with an on-board 6-DOF
robotic arm with an in-hand camera. We adopted a decoupled feedback control strategy
to execute the solution trajectories: the on-board robotic arm is controlled along the fea-
ture trajectories using an image-based visual servoing scheme while the mobile platform is
simultaneously controlled along its planned trajectory in Cartesian space. We presented
our first results obtained using the proposed scheme to accomplish the visually-guided task
of moving the mobile manipulator system from initial location to a desired location while
maintaining image and physical constraints.

To the best of our knowledge, this work is the first effort toward integrating random-
ized path planning techniques with image-based control of robotic arms and wheeled mobile
manipulators. The flexibility of the proposed framework in accounting for image and phys-
ical constraints facilitates further extensions and its application to complex scenarios. We

discuss some possible future directions as follows.

6.2 Future Work

Based on our observations through the experiments presented in Chapters 4 and 5, and also
considering the flexibility of the proposed framework, we suggest a few directions to enhance

this work, and also extend it further:

6.2.1 Planning under modeling and calibration uncertainties

As demonstrated through the results presented in Section 4.3, the tracking performance
in image and joint spaces is affected by inevitable modeling and calibration uncertainties.
Incorporating such uncertainties at the planning step will ensure more robust execution of

planned trajectories. The flexibility of framework presented here allows for such extension.
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For example, in [68] each extension of the tree is treated as a stochastic process and is
simulated multiple times to account for uncertainties. Similar strategy can be adapted to
extend the camera tree in the proposed framework. More recently, followed by our work,
Shademan and Jagersand [84] incorporated an uncalibrated visual servoing scheme with a
RRT-like planning approach. Their technique achieves robustness with respect to outliers
using a statistically robust Jacobian estimation technique in the so called visual-motor space.
Such schemes can be readily incorporated within our proposed framework to account for

uncertainties.

6.2.2 Real-time constraint avoidance

Incorporating uncertainties at the planning stage, as suggested above, will increase the
robustness with respect to image and physical constraints at the execution stage, however,
this does not fully guarantee constraint avoidance due to inevitable deviations from planned
trajectories. Hence, to ensure successful execution of the visual servoing task, one may apply
real-time constraint avoidance strategies such as potential field [69] during the execution.
Please note that this does not eliminate the need for the global path planning stage since a
global plan is still necessary to guarantee reaching the goal. Real-time constraint avoidance
will allow for possible deviations (within a threshold) from planned trajectories while pushing

the robot away from constraints.

6.2.3 Motion coordination of wheeled mobile manipulator

Our preliminary experiments on the wheeled mobile manipulator showed us that a proper
synchronization between the motion of the on-board arm and the mobile platform is crucial
to ensure close tracking of feature trajectories. This may require dynamic time-scaling
of feature trajectories to compensate for the mobile platform inertia in responding to its

velocity command inputs along its trajectory in Cartesian space.
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