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A kinematic Control System for a Mobile
Manipulator, based on the Task-Priority
Redundancy Resolution Algorithm

Moses Ebere, Member, IEEE, Joseph Adeola, Member, IEEE, and Preeti Verma, Member, IEEE,

Abstract—This report describes a kinematic control system derived and implemented on a differential-drive robot (Kobuki Turtlebot 2),
fitted with a 4 DOF manipulator (uFactory uArm Swift Pro). The system is predicated on the task-priority redundancy resolution
algorithm. The implementation is done both in simulation and on the real hardware. Additionally, the developments made are integrated
with perception, localization, mapping, planning, and exploration modules.

Index Terms—Task-priority, Kinematic Control, Task Jacobians.

1 INTRODUCTION

OBILE manipulation has become a major topic of
Minterest in the robotics community in recent years.
There is a plethora of applications that can benefit from the
advantages of mobile manipulation. Such applications in-
clude material handling, search-and-rescue, inventory man-
agement, etc. Therefore, there has been increased traction in
research along this line.

1.1 Project Objective

The primary objective of this research is to demonstrate the
feasibility and performance of a kinematic control system
that is underpinned by the task priority redundancy reso-
lution algorithm in uniquely prepared simulation environ-
ments and on the real mobile manipulator. Through the im-
plementation and evaluation of the proposed methodology,
valuable insights and results will significantly contribute to
the understanding and advancement of mobile manipula-
tion.

2 CONCEPTUAL DESIGN

This section begins with a close examination of the hard-
ware architecture of the mobile manipulator, followed by
an overview of the software architecture in the simulation
setup and the proposed functional block diagram of the
kinematic control system.

2.1 Hardware Architecture

The table below collates the most important components of
the hardware setup.

e Moses Ebere, Joseph Adeola, and Preeti Verma are Erasmus Mundus
Master’s students in Intelligent Field Robotic Systems at the University
of Girona, Spain.

E-mail: moseschukaebere@gmail.com, adeolajosepholoruntoba@gmail.com,
preeti8600verma@gmail.com

Manuscript submitted on June 12, 2023.

Component

Kobuki Turtlebot 2

Raspberry Pi 4B

uFactory uArm SwiftPro

Intel RealSense D4351

RPLidar A2

Wireless router GL iNet GL-AR300M16

DC/DC switching voltage regulator: input:
12VDC - output: 5VDC, 3A

8 Battery Lithium-Ion (Li-Ion) 454P

NG WN -

TABLE 1: Hardware Components

A high-level block diagram of the robot’s hardware
architecture is included in the appendix (see fig. 22).

2.2 Software Architecture

Included in the appendix are block diagrams (see fig. 23
and 24) presenting the software architecture of the simula-
tion setup prepared for the robotic platform, including the
utilized nodes, topics, and services. The first diagram gives
an intuitive view of the ROS interconnections.

2.3 Kinematic Control System

The designed kinematic control system is encapsulated in
fig. 25. It is a detailed functional block diagram including
all necessary components of the control system, interfacing
with robot architecture, inputs, outputs, and message types.

3 KINEMATICS AND TASK-PRIORITY FORMULA-
TIONS

In this section, a symbolic derivation of the forward and
inverse kinematics of the experimental system is carried out.
This is done in two separate formulations - derivations for
the uFactory uArm SwiftPro manipulator only and deriva-
tions for the mobile base and the manipulator combined.
In the latter portion of this section, the task priority (TP)
redundancy resolution algorithm is introduced alongside
the different tasks considered in this project.
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3.1

The generalized coordinates of the mobile manipulator sys-
tem can be defined as follows:

Kinematics

T
] ¢y
where 7 is the generalized coordinates vector of the Kobuki
Turtlebot 2 (pose vector) and g is the generalized coordinate
vector of the 4DOF uArm (configuration vector):
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3.1.1 Manipulator-Only Derivation

revolute joints rotate in the opposite
direction due to the NED-frame-
reference.
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Fig. 1: Dimensions of the Robotic Arm

The uArm Swift Pro (as seen in fig. 1) is based on a parallel
mechanism; therefore, the kinematics were derived geomet-
rically using trigonometry. The frame of reference used is
the North East Down (NED) N-frame and it is placed at
the center of the arm’s base which is at an offset of 50.7mm
along the x-axis of the base. The cartesian position of the
end-effector [1E, 4E, 4 E,] in the aforementioned frame is
obtained as in the figures 2a & b.

Npwmas
b )

(a) x-z plane (b) x-y plane

Fig. 2: (a), (b) Forward Kinematics from Geometry.

The resulting equations from the above geometry are:

AE* = 158.8cos(q3) — 142sin(qz) + 56.5 +13.2  (4)

2

AE, = E*cos(q1) 5)

4B, = B*sin(q) ©)

AE, =722 — 108 — 142cos(qz) — 158.8sin(qz)  (7)

where 4E* is the distance between the reference frame and
the end-effector, irrespective of the configuration of the arm.
The forward kinematics of other degrees of freedom are
included in the appendix. The constants are in millimeters,
so they should be converted to meters before the calculation.
Also, 4 X means that the values are in the frame of the arm’s
base; W X corresponds to the world frame.

The mobile manipulator Jacobian relates the joint ve-
locities (quasi-velocities) ¢ = [vT ¢T]T to the end-effector
velocities 1g

ne = J(q)¢ 8)

For the arm (i.e., with { = g), the Jacobian is obtained
by taking derivates of eq. (5), (6), and (7) with respect to the
configuration vector in eq. (3).

FOE, OFE, OFE, OFE; T
oq 0q2 Jqs 0qa4
dq1 9q2 9q3 0q4
oF., oFE., OE, OE.
Ji(q) = | oq1 9q2 9q3 9q4 &)
0 0 -1 0
0 -1 0 0
L 1 0 0 1 ]

3.1.2 Full System Derivation

world

I,

Fig. 3: Relation between Frames

This derivation is seen as an extension of the results in
the previous case. Here, the world frame is set and all
calculations are done relative to this frame. Figure 3 gives
a symbolic representation of this. The cartesian position of
the end-effector in this world frame is given by the following
equations.

WE, =% E*sin(q + 0) + 50.7cos(0) + x (10)
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WE, = —4E*cos(q +0) +50.7sin(0) +y  (11)
WE, =72.2 — 108 — 142cos(ga) — 158.8sin(gs) — 198 (12)

Taking derivatives with respect to the configuration vector
as previously done (eq. (9)), the Jacobian for the arm in
the world frame can be obtained. The constants are in
millimeters, so they should be converted to meters before
the calculation.

To integrate the mobile base (i.e., the Kobuki Turtlebot 2)
with the arm, the base could be considered as a part of the
manipulator. This way, two extra degrees of freedom which
correspond to the linear and angular velocities of the entire
system can be generated. To do this, the base is modeled
as a revolute and a prismatic joint using the Denavit-
Hartenberg (DH) algorithm. The resulting DH parameters
are as follows:

DOF 0 d a a
1 —7/2 -0.198 0.0 —7/2
2 0.0 0.0507 0.0 w/2

TABLE 2: Denavit-Hartenberg Table

Note: The units in the above table are in millimeters. 0.0507
is the offset of the base of the arm from the center of the
Kobuki base and -0.198 is the height of the Kobuki from the
ground in the NED-frame.

The final transformation from the world to the end-
effector frame is given by:

YTy =" Tp "T4 T

c —s0 0 wgr] [ce(5) —s(5) 0 0.0507
s c0 0 yr| [s(55) (=) O 0
o0 1 0 0 0 1 —019%8
0 0 0 1 0 0 0 1
10 0 AE,
01 0 “E,
0 0 1 “E,
000 1
(13)
where cf and s correspond to the cosine and sine of 6
respectively.

The part of the system Jacobian corresponding to the
base (i.e., for the first two DOFs in the overall quasi-
velocities () is obtained algorithmically.

Algorithm 1 Recursive Jacobian Computation

Require: DH parameters d, 0, a,a, p € R"

Ensure: Jacobian matrix J(q) = [J1, Jo]T € RO
1: Compute: T, ! = DH(d;,0;,a;,05), i =1..n

2: Compute: T; = T;° = [[,_, .Y i=1.n

3: Initialize: 2o = [0 0 1]7,0¢ = [0 0 0]

4: fori € 1.ndo

5 Jl _ p’LZz—lX(On

end for
7: return J

Oi—1)+ (1 — pi)zi—a

PiZi—1

A

3

where p; is 0 for prismatic joints and 1 for revolute joints
while z; and O; and z-axis and origin of the respective
frames. The result of the above formulation is concatenated
with the world-referenced Jacobian formulation for the ma-
nipulator.

3.2 Task Priority Control

A task is a column vector that is defined using the coor-
dinates introduced in eq. (1). It is represented symbolically
by o and is usually sub-scripted with a letter defining the
type of task. Some examples of tasks explored include;
end-effector position, end-effector orientation, end-effector
configuration, base orientation, joint position, joint limit,
and obstacle avoidance. The TP algorithm enables a robot
to execute multiple tasks with different priorities using its
null space. Higher-priority tasks are executed first and the
errors that arise from their execution are corrected before
the execution of lower-priority tasks.

3.2.1 Equality Tasks

Of the 7 tasks listed above, the first 5 are considered equality
tasks. This is because they are used for regulation or tracking
purposes; therefore, whenever they are defined, they are
always kept active. These tasks are properly defined with
their variables (o;), errors (7;), and corresponding Jacobians
(J(q)) in table 3.

3.2.2 Set-based Tasks

Tasks within this category are mostly implemented for
safety reasons, and as such, it is required that they are
placed at the top of the task hierarchy [5]. Two set-based
(inequality) tasks are implemented in this project - joint
limit and obstacle avoidance. In both cases, the task is
only triggered when the task variable falls within a certain
activation threshold. The parameters of the joint limit task
are outlined below.

o =015(q) = ¢ (14)
Safe set, 01, = [qimins Gi,maz] (15)
Error, 6; =1 (16)
Ji =10,0,...,1,...,0] € Rz" 17)
_17 ap; = 0A q; > qi,max — Qj
as(q) = 1, a;, = 0N g < Gimin + Qs (18)
1i\g 07 ap; = —1A q; < di,max — 6li
0, a;; = 1A > Giomin — Oui

In the above equations, d;; and «y; are the deactivation and
activation thresholds, respectively.

In the case of obstacle avoidance, this is important to
keep a specific joint away from a region of interest. For
instance, during a manipulation task such as pick-and-place,
keeping the base of the Kobuki Turtlebot away from the
object of interest is key. The following equations define the
obstacle avoidance task.

(19)
(20)

or = 0r(q) = [M,ec(q) — P
Safe set, 6, = R3{m :m — P| <r}
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Task Task Definition
o.[) — Gp(q) = R3><l Linear velocity part of the end-effector Jacobian (3 top rows)
Position * - \
o, =1 = z Cp =Ma—Mm J, = J,(q) = J(q) € R¥>"
6, = O-o(q) e R33! Angular velocity part of the end-effector Jacobian (3 bottom rows)
Orientation \
- — — — — 3x
0p = Weq — Wa€ — €X €y Jo = J(@) = J,(q) € R
o, = O—L(q) I= Rﬁxl Full end-effector Jacobian
Configuration Ma— \* .
= — > p— —_ >xrn
o, = I:W'Sd —wye —e X ed] J.=J(@)=Jq)e R
Single-entry row matrix
o;; = Oy e R
Joint Position s J i(a) l
Gji = Cjiq — Oj; J,; =10,0,...,1,...,0] € R

TABLE 3: Equality Tasks - [1]

- "1,ee (Q) -Pp

Error, ¢; = ————— (21)
M ,ee(q) — P

Jr = Jr(q) = Ju(q) € R (22)

1, ar = 0N N1 ee(q) — P| < g
e Pl gy
0, ar = 1A |Mee(q) — P| > 715

o) = {

In the above equations, rs and r, are the deactivation
and activation thresholds, respectively. Additionally, in set-
based tasks, it is imperative that the deactivation threshold
is greater than the activation threshold to avoid chatter.

Having defined the tasks, it is necessary to have a way
of integrating them in an algorithmic manner. For this, the
Recursive Task Priority Redundancy Resolution algorithm
as seen in [2] and [1] was implemented. This is summarized
in the following pseudocode.

Algorithm 2 Recursive Task Priority Redundancy Resolu-
tion

Require: A list of tasks

Ensure: Quasi-velocities (; € R"
1: Initialise: (o = 0™, Py = I™™"
2: fori € 1.k do

3 ifai(q) # 0 then

4 Ji(q) « Ji(q)Pi—1

5 G G+ JH(@)(ai(@)di(g) — Tilg)Gi)
6: P+ P_1+ JZT((])JZ((])

7.  else

8: G G1, P+ P

9: end if

10: end for

11: return (g

In the above algorithm, P is the null space projector
which is used to find the set of joint velocities that does not
produce any velocity in the current task space. Therefore,
it allows a robot to perform secondary tasks that have no
influence whatsoever on primary tasks. The base formula
for P is:

P=(I-J(q)J(q) (24)

When the secondary task cannot be fulfilled without pre-
venting the primary task from being realized, the matrix
jj(q) becomes singular, thus generating the same prob-
lems occurring at kinematic singularities, i.e., high joint
velocities and oscillations (algorithmic singularity). During
such singularities, priority could be inverted; therefore, the
TUNED damped-least squares (DLS) method was used for
the Jacobian inversion required to compute j;r(q). [2]. On
the other hand, the DLS method does not preserve the null
space of the Jacobian matrix. This implies that when it is
used, some joint velocities that are supposed to be in the
null space may be projected out of it, leading to unwanted
motion in the null space. This directly leads to task violation
in the task priority algorithm.

4 IMPLEMENTATION

Following the requisite system design and algorithmic de-
velopments, the control system was implemented on the
mobile manipulator in simulation and the necessary vali-
dation was performed in real experiments with the mobile
manipulator. In the following subsections, all developments
are made using the Robot Operating System (ROS) interface
as the middleware framework. This is done for ease of
implementation in simulation, and, more importantly, on
the hardware which is also based on ROS.

4.1 Overview

The final goal of this project is the Implementation of a pick,
transport, and place operation, using a sequencer, for a prior
known approximate location of pick and place locations,
utilizing visual feedback from ARUCO marker detection
and dead reckoning for navigation. To achieve this, sub-
goals were constructed to incrementally build complexity
and for intermediate results before the final goal. In the
remaining subsections, the different parts that constitute
holistic development will be discussed.

4.2

Several ROS nodes, python scripts, services, messages, etc.,
were used for implementing the kinematic control system.

Implementation Block
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These are documented in several UML and doxygen di-
agrams in the ROS package for this project and in the
appendix of this report (see figures 27 and 28).

4.3 Choice of a Task Planning Strategy

A behavior tree, implemented as a major ROS node defines
the full system integration. Behavior trees are hierarchical
tree structures, where each node signifies a stand-alone
action, condition, or decision point. The tree is built from
its root and uses ‘branches’ to connect intermediate nodes
called control flow nodes and leaf nodes. The whole struc-
ture defines a sequence of actions, conditions, and tasks
to be taken, considered, and executed. This sequencer was
chosen because of its simplicity, scalability, traceability, and
high level of intuitiveness. The py_trees library was used
to generate and manage the behavior tree and implemented
behaviors. [3].

4.4 TASK D*: Motion between Desired Cartesian End-
Effector Positions

9 Robot

@ # FindLocation

AtLocation

GoToLocation

Fig. 4: Behavior Tree for Tasks D* and D

N

1 Joint Limit - joint 2 1
(arm_base)

Joint Limit - joint 2
(arm_base)

Joint Limit - joint 3 Joint Limit - joint 3

Joint Limit - joint 4 Joint Limit - joint 4

Joint Limit - joint 5 Joint Limit - joint 5

5 5
End-effector Position End-effector Configuration

- AN /

(a) Task D* (b) Task D

Fig. 5: (a), (b) Some Task Hierarchies. The joint limits,
like other set-based tasks, are usually given precedence for
safety reasons.

5

This implementation combines joint limits tasks of each
DOF of the robotic arm and an end-effector position task
as the lowest priority task. Joint limits tasks are given
precedence for safety reasons and to prevent the arm from
getting ‘stuck’. The FIGURE BELOW depicts the behavior
tree with the implementation decorators and leaf nodes.

The generic behaviors implemented are summarized
below.

e Adjust_EE - This uses the arm-only task priority
node to move the end-effector to what’s considered
as the 'home’ position, i.e., approximately aligned
with the x-axis of the base and pointing outwards.

e GetLocation - This behavior primarily reads the
predefined desired EE-position from a Python dictio-
nary and writes each location to the blackboard be-
fore popping that location from the aforementioned
dictionary. The reading/writing process is done at
a rate of 1 location per full tick of the behavior.
This behavior returns ‘FAILURE’ if the dictionary is
empty and ‘SUCCESS’ if ‘location” was successfully
set.

e AtLocation - As the name implies, this behavior
checks if the end-effector is at the desired location. It
does this by subscribing to the odometry topic of the
full robot and its joint_states, extracting the robot’s
current pose, using the forward kinematics to find
the EE’s current pose, then comparing it with the
location it reads from the blackboard. This compari-
son is done within an error threshold. The behavior
returns ‘SUCCESS’ if the end-effector is within the
threshold; otherwise, it returns ‘FAILURE’.

e GoToLocation - This behavior is designed in an
agnostic manner such that it triggers the execution
of the task priority of the full mobile manipulator by
sending a location it reads from the blackboard via
a custom ROS service and uses a ROS subscriber to
keep track of the TP error to know when the desired
location has been reached. The ROS subscriber and
service are initialized in the setup function of the
behavior.

o FindLocation - This is a selector decorator (not a
behavior) that is executed until the first child returns
'SUCCESS'. It's a different implementation of the
class "if” statement in programming.

4.5 Task D: Motion between Desired Cartesian End-
Effector Configurations

This uses the same behavior tree as the previous case, but
an end-effector configuration task replaces the EE-position
task in the task hierarchy (see fig. 5b).

4.6 Task E: Pick an Object

This task is done using the arm-only task priority node as
it guarantees manipulation while having the assurance that
the Kobuki base will not move throughout its execution. For
this, the desired locations ought to be known in the frame
of the base of the arm.
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i Robot

Move Down to Pick Pick Object Move Up with Object

Fig. 6: Behavior Tree for Task E

Goto Offset

The following are the behaviors in the leaf nodes of the
above tree.

e Go To Offset - This moves the end-effector to a
clearance position vertically above the object to be
picked.

e Move Down to Pick - As the name implies, this
moves the EE to the top-center of the object.

o Pick_Object - This uses the boolean ROS service for
the vacuum gripper to turn on the vacuum.

e Move Up with Object - This simply does the reverse
of the 'Move Down to Pick” behavior, except that it
does so while lifting the object.

The behaviors, ‘Go To Offset’, 'Move Down to Pick’, and
"Move Up with Object’ are not unique behaviors; rather,
they are all based on the generic behavior, ‘GoToLocation’.
Seemingly minor approaches like this make the behavior
tree a lot more scalable.

4.7 Task F: Place an Object on the Robot’s Platform

Fig. 7: Place Object on Robot’s Platform

Similar to task E, this task is done using the arm-only task
priority node. The sequence of implementing this task is:

e Move the end-effector to an offset vertically above
the object to be picked.

e Move the EE down to the top-center of the object.

e Turn on the vacuum and latch onto the object with
the suction cup.

6

e Move the EE with the object to an offset vertically
above the picking position.

o Turn the EE to the platform while holding the object.

e Move the EE down for the object to come in contact
with the platform

o Turn off the vacuum to place the object on the plat-
form.

e Move the EE to an offset vertically above the placing
position.

This employs generic behaviors from previous sub-sections
such as "Adjust_EE’ and 'Pick_Object’. See fig. 9a for the
behavior tree for this task.

4.8 Task G: Pick-Transport-Place with Dead-Reckoning

For this, an extra ROS node - the dead-reckoning (DR) node
- is required. In the simulation, a ground truth odometry
sensor is placed on the robot and the topic is subscribed
to and used for DR. In the real implementation, the joint
states of the robot are subscribed to. From this topic, the left
and right wheel angular velocities are obtained. These along
with the radius of the wheels and the distance between the
two wheels are used to compute the linear and angular
velocities of the full system. Then, the results are used to
update the state of the robot - [z y §]7. This translates to a
simple kinematic model for a differential drive robot.

Tp = Tp_1 + V cosO,_1At
Yk = Yp—1 + V sin O _1 At
O =01 + WAL

(25)

where V and W are linear and angular velocities respec-
tively.
The sequence of implementing this task is:

e Move the EE to the home position.

e Read the location (known apriori) of the object to be
picked from the blackboard.

e Go to the EE location in the vicinity of the object
using the full robot’s TP node.

e Overwrite the blackboard location with the precise
picking location.

e Find the location and move there with the EE

e Turn on the vacuum and latch onto the object with
the suction cup.

e Set the offset location vertically above the picking
position.

o Activate solution weighting using a service to the TP
node.

 Lift the object to the offset

o Deactivate solution weighting using a service to the
TP node.

o Set the placing location on the blackboard

o Move the full robot to the placing vicinity

e Move the EE to the placing offset

e Move down to place the object.

e Turn off the vacuum and release the object.

e Move the EE to an offset vertically above the placing
position.

o Use the full robot’s TP to move the robot back to the
start position.
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This employs generic behaviors from previous sub-sections
such as "Adjust_EE’, 'Pick_Object’, 'Pick_Object’, ‘GoToLo-
cation’, ‘SendFlag’, "AtLocation’, and 'SetPickLocation’.

The additional generic behaviors used here are described
below:

o Place_Object - This uses the boolean ROS service for
the vacuum gripper to turn off the vacuum.

e SendFlag - This also uses a boolean ROS service to
communicate with the TP node and switch a flag
that controls whether or not solution weighting is
applied.

o SetBlackboardVariable - This is a default py_trees
behavior for overwriting blackboard variables.

In this implementation, it was discovered that the robot’s
base tends to hit the object to be picked during the pick-
ing/placing process using the TP algorithm for the whole
system. To mitigate this, solution weighting was applied.
This will be discussed in a subsequent sub-section on prac-
tical modifications.

See fig. 9b for the behavior tree for this task.

4.9 Pick-Transport-Place with Dead-Reckoning and
ArUco Marker Detection

In the last task, the locations of the objects to be picked
were known as apriori. In this task, however, the realsense
camera attached to the Kobuki base will be used to detect
ArUco markers that are attached to the objects. This is
done based on a ROS ArUco detection node that subscribes
to the relevant camera topics and robot’s odometry topic,
estimates the pose of the marker using OpenCV functions,
transforms the poses to the world, and publishes them on
a dedicated topic. Two extra generic behaviors were written
to account for the ArUco detection aspect.

e Detect_ArUco - This behavior subscribes to the
ArUco marker detection node and writes the pose to
the blackboard. It also flips a detection flag variable
on the blackboard to "True’ before returning ‘SUC-
CESS'.

o ArUco_Offset - Since the detected point is the center
of the ArUco marker, this behavior provides the
necessary offset for the end-effector. It overwrites
the blackboard variable set by the 'Detect_ArUco’
behavior.

Additionally, as an improvement to the implementation
of task G, obstacle avoidance was used in place of solution
weighting for critical aspects like pick and place. The result-
ing task hierarchy is found in fig. 8.

Obstacle Avoidance

2 Joint Limit - joint 2
(arm_base)

Joint Limit - joint 3

Joint Limit - joint 4

Joint Limit - joint 5

G
End-effector Position

- /

Fig. 8: Task Hierarchy for Task H

See fig. 9c for the behavior tree for this task.

4.10 Practical Modifications
4.10.1

The task priority algorithm inherently has no information
about the velocity limits of the robot under consideration;
therefore, it is important to include this for safety reasons.
In this project, the maximum velocities for all degrees of
freedom were set to 1m/s. So, the velocity algorithm imple-
mented is as follows:

Velocity Scaling

Algorithm 3 Velocity Scaling

Require: Maximum velocities: {; maq for ¢ = 1..n(DOF)
Ensure: Scaled velocities
1. s= maxiel...n(Ci/Ci,maz)

if s > 1 then

return (/s
else

return ¢
end if
return (j

4.10.2 Solution Weighting

In some cases, being able to channel velocities only to the
arm for tasks like picking and placing is a topic of interest.
This is where solution weighting comes in. This allows the
TP algorithm to emphasize the use of certain degrees of
freedom over others. For example:

o If the EE desired position is far from the base, it
would be better to focus on moving more of the base
and less of the arm until the robot is closer to the
goal, before channeling more velocities to the arm.

e On the other hand, during manipulation tasks, it
would be beneficial to keep the base static and move
only the joints of the arm. To implement solution
weighting, a diagonal matrix of weights is defined
such that higher weights mean that the correspond-
ing DOFs will be less preferred. With this, the TP
algorithm could be modified by replacing instances of
the Jacobian transpose with W—'.7;7(¢q) in both the
pseudoinverse and DLS methods of Jacobian inversion.
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9 Robot

(a) Task F

Go_To_PickOffset

Move_Down_Pick

Pick Object Move_Up_Fick Move_Down_Place Place Object Move Up_Flace

Adjust EE 0 PickSeq

@ GoToLocationl

Activete Solution Weightmg

GoToLocation

0 PlacsSeq

SetPlacaOffset GaToLocation3 MoveDownToPlace
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(b) Task G

Flacz Clearance]

Move Dowin] Fick Object] Flace Clearance® ‘Home Location

MovToPlac:

(c) Task H

Fig. 9: (a), (b), (c) Behavior Trees for Different Tasks. The tree increases in size as the complexity of the task increases.

5 RESULTS

In the foregoing subsections, three major plots are used to
show the results of the implementations of the tasks. A
summary of the format and content of the plots is as follows:

1) Evolution of control errors over time - In this plot,
the positions of each joint of the arm are plotted. The
joint limits for each of these are also plotted using
dashed lines. Finally, the norm of the error of the
end-effector’s position (x,y,z) is plotted. For task H,
the distance of the end-effector from the obstacle of
interest is also plotted since obstacle avoidance was
implemented for this task.

2) Evolution of joint velocities over time - this sim-
ply plots the joint velocities generated by the TP
algorithm against time. For tasks like pick and place
without moving where only the task priority of the
arm was used, this plot contains only 4 parameters.
In other cases, it contains 6 parameters that corre-
spond to the degrees of freedom of the base and the
arm.

3) Motion of the mobile base and the end-effector in
the X-Y plane - This plot is generated by extracting
the EE’s pose from the forward kinematics and the
pose of the Kobuki base from the relevant variables
(that interface with the joint states) and plotting
them on the X-Y plane.

5.1 Simulation

5.1.1 Motion between Desired Cartesian End-effector Con-
figurations

This task was implemented on the robot a number of
times and the video of this is found in the slides. How-
ever, it proved to be rather challenging because of the
nature of the configuration task. That is, the errors in po-
sition and orientation are simultaneously being reduced.
This causes the robot to ‘struggle’ in some set points that
are seemingly easy to reach. A similar case was also no-
ticed in simulation and this is evident in the results pre-
sented in figure 10. End effector configurations (x, y, z, 6) of
[2.05,0.15,—0.18, 0], [1.05, —0.15, —0.25, 7 /24], [3.0, 0.3,
—0.2,7/12],[2.3,—0.35, —0.137, 7/16] were defined and the
task hierarchy in 5 was used with the tree in 4. The first
three configurations were achieved without triggering the
joint limits as seen in the first 150s in figure 10a; however,
in the final configuration task, the position error go down to
almost zero, but the orientation error does not. The reason is
because of the constant triggering of the joint limits of joints
3 and 5 (ie, q2 and g4 of the arm). The velocity outputs
also tell a similar story (figure 10b. The trajectories of the
base and the end-effector are found in figure 10c.

5.1.2 Motion between Desired Cartesian End-effector Po-
sitions

In this task, 4 desired end-effector positions were set in the
field of the blackboard of the behavior tree. Plots 11a and
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Fig. 11: (a), (b), (c) Plots for Task D* in Simulation.
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Fig. 12: (a), (b), (c) Plots for Task E in Simulation.

11b show that the error (in purple) always converges to
zero as each sub-task is achieved. The task priority behavior
ends the sub-task when all the errors in the sub-task go
below 0.01. In these same plots, it is observed, as expected,
all joints stay within their limits. Joints 2 and 3 (which are
the first and second joints of the arm from its base) are seen
to test the limits more often than other joints while joint
4 does this towards the end of the run. It is worth noting
that joint 5 (of the end-effector) remains at zero throughout
the run because this is a position, not a configuration or
orientation task. In plot 11¢, it is quite apparent that solution
weighting is not applied because there’s preference given to
any degree of freedom. The presence of velocity scaling is
obvious, however, as no DOF is allowed to exceed 1m/s.
In plot 11d), we observe a mostly linear trajectory of the
base and end-effector in the X-Y plane. This is an expected
result because the damped-least squares method was used
in the null-space projector and pseudo-inverse for other
Jacobian inversions. Additionally, since the joint limits were
not triggered in this task (see plots 11a), the trajectory is
smooth.

5.1.3 Pick an Object

In plot 12a, the first joint of the arm starts from the zero po-
sition and increases rapidly before maintaining a relatively
constant position. This is because the arm is moved from
the zero-start and subsequent motions to pick the object are
simply translational along the z-axis of the arm’s base. As
expected, the error in the EE’s position always converges to
zero when each sub-task is achieved. Following the above

explanation, it is no surprise that in plot 12b, the velocity
output of the arm’s first joint starts at a max velocity of
1m/s (due to velocity scaling) and goes down to zero as
that DOF is not required for the rest of the task. The third
joint switches between positive and negative velocities in
a pattern because the EE is lowered to pick the object and
lifted after picking. In plot 12¢, the trajectory of the EE has 3
jerks which exactly correspond to the joint limits that were
triggered in DOF_2 in plot 12a (the orange line between 0 -
20 seconds).

5.1.4 Place an Object on the Robot's Platform

The first noticeable pattern in plot 13a is the position of
joint O (the arm’s first joint). Since this task involves picking
an object from the front of the robot and placing it on the
platform towards the back of the robot, joint 0 goes from
positive to negative. This can also be deduced from the EE
trajectory in plot 13c which is not smooth due to the joint
limits that are triggered and directly affect the EE’s position.
In plot 13b, joint 1 (i.e., DOF_2) outputs velocities that seem
to alternate between -1 and +1, especially around 150s. This
is also related to the joint limits.

5.1.5 Pick-Transport-Place with Dead-Reckoning

This task was dependent on an EE-position task, therefore,
the EE-joint (DOF_6) is hardly used (see plots 14a and 14c).
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Fig. 14: (a), (b), (c) Plots for Task G in Simulation.
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5.1.6 Pick-Transport-Place with Dead-Reckoning and
ArUco Detection

These X-Y trajectories in plot 15¢ show that the task was
completed by returning the robot to the position from which
it started. In the regions where the EE and the base follow
almost the same trajectory, it is because it was aligned
almost perfectly with the x-axis of the Kobuki base. In
this task, obstacle avoidance was implemented and this is
evident in plot 15a. The distance to the obstacle closely
follows the error in the EE’s position because both use
the norm-2 distance. They noticeably differ when the EE
manipulates the object and the base remains outside the
activation threshold.

5.2 Experiments

For the plots of experimental implementations, rospy time
was used; therefore, some plots are not exactly as they
should be. Using rospy time meant that there was a time
difference while the behavior tree switched behaviors. So,
such regions appear as an upward-sloping straight line. For
example, in the evolution of control errors, the end-effector
error appears to slowly rise, which is contrary to what is
expected. The error should abruptly go high (not linearly) as
the desired end-effector pose changes before converging to
zero as the task is achieved. This issue was only discovered
after concluding the experiments, so it was only corrected
in the simulation results.

The plots from the experimental implementations are
noticeably similar to those obtained in the simulation. This

is a testament to the fact that the simulation environment
and software capture most of what is obtainable in the
real world. In the real world, however, we were unable to
experiment with desired end-effector positions that were
far from the start position of the robot to examine how
the task priority would perform in such cases. We opine
that the performance should be quite similar except that
irregularities in the terrain amongst other external factors
would play a major role in the results.

5.3

The integration task, or challenge is to explore an area while
picking up certain objects and placing them in predefined
locations. The kinematic control system developed in this
project is primarily focused on the pick-and-place aspects
of the integration task. Our approach to this task is as
summarized below:

Integration Task

1) The task begins with an adjustment of the end-
effector using the task priority node for the arm.
The purpose of this is to move it to a safe position
to prevent unwanted collisions with nearby objects
during the exploration phase or occlusion of the
camera during the aruco marker detection phase.

2) The exploration node is activated alongside the
SLAM node and the robot starts exploring its en-
vironment.

3) During exploration, the aruco detection node is also
kept running to detect any objects in the environ-
ment.
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Fig. 16: (a), (b), (c) Plots for Task D* on the Real Robot.
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Fig. 17: (a), (b), (c) Plots for Task E on the Real Robot.
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Fig. 18: (a), (b), (c) Plots for Task F on the Real Robot.
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Fig. 19: (a), (b), (c) Plots for Task G on the Real Robot.
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Fig. 20: (a), (b), (c) Plots for Task H on the Real Robot.

Once an object of interest (i.e., having an aruco
marker) is detected, the exploration is halted and
an obstacle-free path is planned to a region close to
the object (a region we term pick vicinity) using the
planning node.

The controller node (based on the Dynamic Window
Approach [4]) is then called upon to move the robot
to the pick vicinity.

Once there, a second detection of the aruco marker
is taken to get a more precise end-effector position
for the task priority to take over.

This point is post-processed to get the top-center
of the object, then the full robot’s task priority
node is used to move into position to pick the
object while running obstacle avoidance the highest-
priority task.

With the arm’s TP node and a call to the vacuum’s
service, the object is picked and moved to the robot’s
platform.

At this point, steps 4b and 5 are repeated but with
the designated placing position.

Once the robot is in the placing vicinity, the task
priority is used to retrieve the object from the robot’s
platform and place it in the aforementioned placing
position.

The task is complete for one object and the arm
is returned to a safe position in readiness to keep
exploring if there are still unexplored regions.

The final behavior tree of the integration task is found

in figure 21. The behaviors that integrate the intervention
hands-on are encircled with green boxes, those of hands-
on perception are encircled with pink boxes, and those of
hands-on planning are encircled with blue boxes. Through-
out the autonomous task, pose-based ICP SLAM is used, so
it is not included as a behavior.

6 CONCLUSION

This research project focused on designing a kinematic
control system for the Kobuki Turtlebot2 robot that is fitted
with the uFactory uArm Swift Pro to enable it to perform set
tasks like picking, transporting, placing, etc. The developed
architecture incorporated recursive task-priority implemen-
tations for the arm and for the full robot. Different tasks
like end-effector position, orientation, configuration, pick,
place, pick-transport-place with dead-reckoning, and pick-
transport-place with dead-reckoning and ArUco marker
detection were implemented and sufficiently tested in sim-
ulation and on the hardware. The relevant results have
been documented in this report as well as in the videos
and presentation submitted. The results demonstrated the
versatility and applicability of the task-priority redundancy
resolution algorithm in both real-world scenarios and sim-
ulation environments while also showing its limitations for
relatively strict tasks like configuration tasks, especially in
the presence of joint limits.

For future work, the focus will be on coming up with
a derivative of the task priority algorithm that handles
tasks in a more adaptive method. For example, when a
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Fig. 21: Behavior Tree for the Integration Task

configuration task is defined, it may be better to violate the
orientation in the early stages of fulfilling the task in favor
of the desired position and correct the orientation error later
on, and vice versa. Although this is already possible by
splitting the configuration task into independent position
and orientation tasks, it would be worth looking into doing
this without having to split up the tasks.

APPENDIX A
FORWARD KINEMATICS OF OTHER DOFs
The equations position of the third DOF of the arm ¢1 are:

L3 = 158.8¢c0s(g3) — 142sin(qa) + 13.2 (26)

ALs0 = Lcos(q1) 27)

AL3, = Lsin(q:) (28)

ALs. = —108 — 142cos(qa) — 158.8sin(q3)  (29)

W L3, = Lzsin(qy + 0) + 50.7cos(0) + (30)
Wy, =—Lscos(q1 +0) +50.7sin(0) +y (31)
Wls.=—108 — 142cos(qz) — 158.8sin(gs) — 198  (32)

The equations of the position of the second DOF of the
arm q1 are:

Lo = —142sin(qo) + 13.2 (33)

ALZ_qc = Locos(q1) (34)

AL27y = Losin(q) (35)

ALy, = —108 — 142cos(q2) (36)

W Lo . = Lasin(qy + 0) + 50.7cos(0) + (37)
WLy, =—Lacos(qi +0) +50.7sin(d) +y  (38)
WLy, =—108 — 142cos(qz) — 198 (39)

The equations of the position of the first DOF of the arm
ql are:

Ly =132 (40)
ALy 2 = Lacos(q1) (41)
ALy, = Lysin(q1) (42)

ALy . =—108 (43)
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WL = Lisin(q +0) + 50.7cos(0) + = (44)
WLy, =—Licos(q +0) +50.7sin(6) +y  (45)
WIi,=—108 — 198 (46)

All constants in the above derivations are in millimeters;
therefore, they ought to be converted into meters before
calculating the results. 4 X - values in the frame of the arm’s
base; W X - values in the world frame.

APPENDIX B
VIDEO LINKS

B.1 Implementation of project tasks in simulation

e Link for End-effector Positions: Implementation in
Simulation

e Link for Pick-Transport-Place: Implementation in
Simulation

e Link for Joint Limits: Implementation in Simulation

o Link for Joint Limits with arm base, End-Effector
Configuration task: Implementation in Simulation

B.2 Implementation on turtlebot2 in real-world

environment

e Link for implementation of move to point opera-
tion, video: Task D*

e Link for implementation of simple pick and place
operation: Simple pick and place

e Link for implementation of a pick, transport, and
place operation, using dead reckoning for navi-
gation, video: Pick, transport, and place operation
using dead-reckoning
Link of the implementation of a pick, transport,
and place operation, utilising visual feedback from
ArUco marker detection and dead reckoning for
navigation, video: Pick, transport, and place opera-
tion using visual feedback from ArUco marker and
dead-reckoning

e Link for Rosbags for some tasks implemented in
the real world: Tasks F, G, and H


https://drive.google.com/file/d/1mIgQINu_0Rm5u7Dz-aQ8OX12-NTV9Zxx/view?usp=drive_link
https://drive.google.com/file/d/1mIgQINu_0Rm5u7Dz-aQ8OX12-NTV9Zxx/view?usp=drive_link
https://drive.google.com/file/d/1zF48VM56AybBYnqQls4eulV7v6TFl36A/view?usp=drive_link
https://drive.google.com/file/d/1zF48VM56AybBYnqQls4eulV7v6TFl36A/view?usp=drive_link
https://drive.google.com/file/d/1PSnIqxDGT61bwZWMAgYiIw8-TLOuYPXG/view?usp=drive_link
https://drive.google.com/file/d/1PSnIqxDGT61bwZWMAgYiIw8-TLOuYPXG/view?usp=drive_link
https://drive.google.com/file/d/1ZhzfAcpJCuQNXi2hC0U39mWDj262IRKr/view?usp=drive_link
https://drive.google.com/file/d/1ZuSQJiJVBzuIm3VfrCMljdXOjPmk0Zan/view?usp=drive_link
https://drive.google.com/file/d/1YneeovdaOxSEgaHLxJVLirUFlxuv7cer/view?usp=drive_link
https://drive.google.com/file/d/1YneeovdaOxSEgaHLxJVLirUFlxuv7cer/view?usp=drive_link
https://drive.google.com/file/d/1YXitGT4O0d8x30K5SVOOpAYsdFCHBmXg/view?usp=drive_link
https://drive.google.com/file/d/1YXitGT4O0d8x30K5SVOOpAYsdFCHBmXg/view?usp=drive_link
https://drive.google.com/file/d/1YXitGT4O0d8x30K5SVOOpAYsdFCHBmXg/view?usp=drive_link
https://drive.google.com/drive/folders/1vDnur861UgKFu3d-rgaUGc1tUVP6NXT7?usp=drive_link
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Battery Lithium-Ion (Li-Ion) 4S4P

(located inside the robot, near the base)

Specification: Current capacity: 14Ah (14.000 mAh)
Voltage (nominal) 14.8V
Power: 592W

Kobuki Turtlebot 2

. Motors

. Bumpers

. Cliff Sensors

« Wheel Drop Sensor

—

RPLidar A2

L/

From LIDAR USB adapter board

3
P>

. Gyro
. Odometry
Control Panel:
GEK Kobuki w0 w »
=
From From
From 12V@5A  to power po
4 uArm SwiftPro robotic arm h @ P Po12v@isa S5V@1A
<
<
DC/DC switching voltage regulator
Specification: Connector: Micro USB
Tnput Voltage: DC 12V/5A
Power Adapter Input:100~240V
\_ at 50/60Hz )
Specification: Input: 12V DC
Output: 5VDC, 3A
J
RXD
TXD to
to 5V/3A
GPIO
GPIO 15 14
(RXD) (1xp) - N
Intel RealSense D435i Raspberry Pi 4B
3
>
———to pin 2 (5V power supply)————> <€
Specification: Power: 5 watts

Power supply: Corded Electric -

Min Focal Length: 16 Millimeters to USB 3.0 >
Optical sensor resolution : 2MP )

Fig.

to pin 4 (5V/ J\
0 pin 4 (5V power supp! XJ) USB 2.0

(Wireless router GL iNet GL-ARSOOMlq

Specification: Max. 300 Mbps Wi-Fi Speed
1x2.0 USB Port
. 1 x Toggle button
2 x Etheret Ports

22: Hardware Architecture

to USB 2.0

Specifications:

Rotation rate: 10hz / 600 RPM

Sample rate: 4000 to 8000 samples/s
Range: 6m to 18m

Resolution: 0.9 degrees
Voltage/current requirement: 5V / 1.5A
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ROS Master

Pytnon Nodes

Services

Topic

| Housout | —

osout Node

turtiebot/switprofcontroller_spawner
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I int_states I

| I—————

| rascore |

t_velocity_ |

{_state_publisher

Irealsense_depth

state
] ]
o | J
info
—
|
info
—
|
frealsense_color
. depth |

Fig. 23: Simulation Software Architecture - Nodes and Topics

Stonefish Services

| iturtiebovswiftpro/vacuum_gripper/set_pump |

| iturtlebolswiftpro/controller_managerfiist_controller_types

| Iturtlebotfswiftpro/controller_manager/unioad_controller

| turllebot/switpro/controller_manager/switch_controller

| turtlebot/stonefish_simulatoriget_loggers |

| y o

I turtiebot/stonefish_simulator/disable_currents I

[
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| Jurtiebot/stonefish_simulator/enable_currents |
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realsense_depth Services

Ireaisense_depth/set_logger_level

swiftpro_rviz_node Services

| Iurtiebot/swiftpro_rviz_noderget_loggers |

| turtlebotswiftpro_rviz_node/set_logger_level |

realsense_color Services

ger_level |

| Irealsense_color/set_|

Jrealsense_color/get_laggers

robot_state_publisher Services

| turtlebotrobot_state_publisherset_logger_level |

rosout Services

Irosoutiset_logger_level

Irosout/get_loggers

| Turtlebotfrobot_state_publisher/get_loggers |

rviz Services

turllebot/rvizisave_config
tuntiebotiviziget_loggers

swiftpro Services

| Iurtlebot/swiftprofcontroller_spawnerfget_loggers |

| Jrtiebotswiftprocontroller_spawner/set_logger_level |

| Aurtiebotirviziioad_config_discarding_changes

Iurtlebot/swiftprofcontroller_managerfioad_controller |
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| urtiebotiviz/reload_shaders

Fig. 24: Simulation Software Architecture - Services
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Control System Architecture:

S rtenoont saes |}

Subscribed Topics
d : color |7 Arlco Node

Desired EE
I Position

|_velocities

5

1 t_states
Task Priority State Machine
Eng-effector End-effector Eng-effector
Position Task Configuration Orientation
Task
Joint Position Base
Joint Limit Task oS e
Task Priority
Published Topics Seript 1 Seript 2
Commen Manipulator
T 1 I Functions Base Class
i _state I { TP Execution Node
Saript3 Maobile Base
Task Base and Manipulator
_velocity_ |<- i Sub-classes Class
Dead-reckoning
Node

Fig. 25: Control System

@ Timeline view

April 2023

Conceptual design: A, B, C April 18, 2023 . Apri 25, 2023

(1]
(2]

(3]

(4]

Conceptual design: C, D April 25, 20

Implementation tasks: B, C, D, E, F Apnil 2¢

Implementation tasks: G, H, A May 2, 2023

May 9, 20:

23

Experimental validation May 8, 2023 — May 16, 2023

Integration task May

Fig. 26: Gantt Chart

B.3 Implementation of the Integration Task

e Link for the Integration Task video: Integration Task
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Fig. 27: Implementation Block using doxygen
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Fig. 28: Implementation Block using UML
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