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Doctoral Dissertation Introduction

Chapter 1 Introduction

1.1 Background of this Dissertation

In recent years, the rapid development of automation has been considerably changing
the working process of traditional laboratories. Advanced laboratory automation,
including optimized robotic systems [1]-[6], automated analytical & measurement
systems [7]-[10] and laboratory information management systems [11]-[13] has been
employed widely and made an important role in kinds of life science, chemistry and
biology laboratory environments. To build a fully-automated future laboratory, a
system for the whole laboratory process control named Process Management System
(PMS) has been developing by our research group at Center for Life Science
Automation (Celisca) & Institute of Automation Technology (IAT), University of

Rostock, as demonstrated in Fig. 1.1.

Global HMI 2 Multichannel - Process-Tracker —'E

- - |

|
Multich I-
GUI incl. Editor Order uiichannel” Ly,
. Process-Interpreter Dynamic Event
A Planning

I Controller

Proc.
i DB

Virtual Systems with
Virtual Parameter System / Software-Interfaces

(Initial)

Label-
ing Real Systems 1-n / Material / Labware Interfaces E
" |
i h 4
A v Process Transportation Module Control System A
i i
Human Operator Control | | Automatti Mobile Robot Control |

Figure 1.1: PMS (Future Lab) at Celisca, Germany

As shown in Fig. 1.1, there is a special Process Transportation Module Control
System (PTMCS) at Celisca which is in charge of the transportation tasks based on
the whole automated process of laboratory environments. As shown in Fig. 1.2, in the
PTMCS two kinds of control options are expected: the human operation mode and the
automated mobile robot mode. The former will notice the laboratory staff to do

transportation tasks by sending messages to their holding mobile phones, and the
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latter will use the mobile robots instead of human beings for the transportation. This
dissertation is based on the development of an intelligent system for mobile robot
transportation in laboratory environments. This dissertation will not differentiate the
transportation task commands from the PMS and the PTMCS. Both of them are
higher in laboratory automation than the mobile robot-based transportation
sub-system. In the following chapters of this dissertation, the description of the PMS
will be adopted to replace that of the PTMCS.

Process Transportation
Module Control System

(PTMCS)
Control Module for /\ Control Module for
Human Operations Mobile Robots
// ffjl \\\
/ N O
/ 1 \

Transportation —— Destination
- “a Position
7~
7

Source '4
¢ Position Automated Workbench #2

Automated Workbench #1

Figure 1.2: Laboratory transportation

1.2 Literature Review of Robot Indoor Transportation

This section provides a short review on literatures on the mobile robot based indoor

transportation.
1.2.1 Supermarket/Shopping transportation

N. Matshuira et al. presented a shopping support system using kinds of
environmental cameras and mobile robots as shown in Fig. 1.3 [14]. In this robotic
transportation system, there were three comprised sub-systems designed: guidance
robotic system, cart robot system and environmental image monitoring system. When

the customers went shopping in supermarkets installed this shopping support system,
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they used a membership card to drive any available guidance robot, then the guidance
mobile robot leaded the customers to different positions for shopping and the cart

mobile robot followed the customers to carry heavy productions.

T. Tomizawa et al. developed a remote shopping robotic system for supermarkets as
displayed in Fig. 1.4 [15]. The customers can stay at home to remotely communicate
with this system to buy fresh foods including fruits and vegetables in some special
supermarkets with different textures, shapes and weights. In the system, a series of
technologies for the robot grasping and transporting were considered and solved:
autonomous navigation, environment modeling & identifying, object manipulation

and remote communication.

Omnidirectional camera

Touch \ »

SENSOrs
e

Stereo vision

Shopping baskst

Ultrasonic
Sensors

Ultrasonic
SENSOrs

LRF

Figure 1.3: Supermarket guiding and carting robots [14]

Figure 1.4: Remote shopping robotic application [15]

S. Nishimura et al. studied the robotizing daily items for an autonomous carrying
system [16]. The authors in this paper designed a person following shopping cart
robot, which was comprised of a shopping cart, a group of driving motion module,
monitoring cameras and an on-board controller. Based on the computer vision using

the installed cameras around the shopping malls, this kind of mobile robots accurately
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followed the customers to realize the carrying transportation.

More examples of mobile robot transportation in supermarkets and shopping malls are

demonstrated in references [17]-[19].
1.2.2 Hospital transportation

A.G Ozkil et al. discussed a service robot transportation system for hospitals [20]. In
that project, they used the robot system for patients’ food distribution, waste
collection, etc. Since the system would be applied for hospitals, some important
aspects for the hospital environments (such as patient avoidance) had been considered

in their paper.

M. Takahashi et al. proposed a mobile robot for transport applications in hospital
areas using a safe human detection algorithm [21]. As given in Fig. 1.5, in the
application the authors developed a new autonomous mobile robot MKR, which used

a wagon truck to transfer luggage, specimens and medical materials.

Arms for

Active Safety StereoCamera
Ultrasonic - Display Scrolling
Sensor ‘ a Mesgsape

Laser Range Sensor

Omni-direc tional
Mobile Syvstem

Figure 1.5: MKR robots for hospital transportation tasks [21]

W.F. Fung et al. developed a mobile robot for routine delivery tasks in hospitals [22].
In their application, the fluorescent lamps on the ceiling at the corridors were used as
natural landmarks to localize the transportation positions and orientations. The
function of collision avoidance was also included in the robot. Experimental results
made at a hospital in Hong Kong showed the system was effective and suitable for

hospital environments.

More applications of mobile robot transportation in hospitals can be found in

-4 -
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references [23]-[26].
1.2.3 Factory transportation

B. Horan et al. proposed a transportation system using OzTug mobile robots for
manufacturing environments as given in Fig. 1.6 [27]. The OzTug robots used in the
application could move loads ranging up to 2000 kg. In their system, a vision based
controller had been designed to track the working paths and three kinds of robot-load

configurations had been presented for multi-robot transportation for large loads.

r Rear-facing
™ Emergency stop camera
" User control panel

Figure 1.6: OzTug robots for manufacturing environments [27]

J.W. Kang et al. designed a series of assistive mobile robots to help the disabled in a
factory environment [28]. Three different versions of mobile robots were provided.
From the second version a wheel-based Omni-directional drive mechanism was
utilized to provide the transportation in small spaces. As demonstrated in Fig. 1.7,
based on this kind of mobile robots a simple transportation task made by the disabled

in a factory was possible.

Figure 1.7: Assistive mobile robots for factory transportation [28]
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M. Endo et al. presented a car transportation system named iCART using multi
mobile robots in manufacturing factories [29]. In their paper, the detailed control
architecture and several experiments were provided to illustrate the validity of the
system. In their system there were two mobile robots adopted to do transportation. A
trajectory of the car transportation was sent to one of the mobile robots, and the other
robot tracked the trajectory by calculating the interactive forces between them. This
creative method could cope with any size of cars and most kinds of car transportation

tasks (including parking, two away service and ferry).

Figure 1.8: iCART transportation system [29]

More cases of mobile robot transportation in factories can be seen in references
[30]-32].

1.2.4 Laboratory transportation/Delivery

M. Wojtczyk et al. studied the computer vision based human robot interface for
robotic walkthroughs in a biotechnology laboratory as given in Fig. 1.9 [33]. They
employed a mobile robot to move kinds of biotechnology facilities in an experimental
platform. As described in the paper, the authors would not like to develop a robot
system for the distributed laboratory transportation but focused on the image

identification of the laboratory facilities.

P. Najmabadi et al. designed a scalable robotic-based laboratory automation system
for medium-sized biotechnology laboratories [2]. In the system, a new configuration
named “Tower-based configuration” was presented to control the instrumentation for
the sub transportation processes including shaking and incubation. The configuration
worked through two arms mounted on a common cylindrical based. An experiment
provided in the paper showed that the proposed method and system for laboratory

desk local transportation were effective.
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Figure 1.9: Laboratory local transportation system [33]

W. Gecks et al. proposed a robotics-based QCX/RoboLab system for laboratory
automation [6]. This system was employed to bring the samples from nine automatic
sampling points to the distributed analytical equipment. Also kinds of manually
operated laboratory devices were connected to this robotic system based on a standard
network.

L.A. Marks et al. developed a microprocessor-based robotic system for control of
fluid connections in the cardiac catheterization laboratory [34]. As explained in their
paper, the system had various functions of planning catheter flushing, configuring the
users, calibrating the pressure transducers, etc. A verifying case provided in their
paper showed that the developed system decreased the laboratory technicians’
working intensity obviously.

K. Thurow et al. presented a robotic parallel liquid handling system for a life science
laboratory [35]. In their study, a fast method to determine the liquid levels in micro
plates was proposed, an optical measurement of the liquid level based on CCD
cameras using special computational algorithms was found and an automated robotic
system to handle with kinds of sample transportation was integrated. A series of

experiments given in their paper showed that the system was effective.

More applications of robot transportation (including mobile robot transportation and

desk robot delivery) in laboratories can be found in references [36]—[40].
1.2.5 Discussions

From the literatures demonstrated in Sections 1.2.1-1.2.4, it can be seen that:
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(a) In recent decades, the topic of robotic indoor transportation has come into
attention and many interesting studies have been presented. Based on those successful
applications, we can find that using the mobile robots to do transportation tasks in
indoor distributed environments is a right way. Especially in current more and more

advanced mobile robots with low costs have been provided in the markets.

(b) In those developed mobile robot indoor transportation systems, there is a series of
technical issues needing to be considered for an expected working environment,
which includes transportation strategy, multi-robot communication, robot indoor
localization, robot collision avoidance, transportation path planning and recharging

management, system API integration with other existent automated systems, etc.

(c) Most of the mobile robot transportation systems in the upper literatures are
relatively independent. They present the tasks of mobile transportation themselves
and do not need to be integrated with other higher indoor process systems which
control the whole automation in the working environments. In this dissertation, the
expected transportation system integrates with the laboratory PMS to cooperate with
other automated systems. The transportation system will control mobile robots to

move experimental facilities among different automated ‘islands’.

(d) Compared to robot transportation in normal environments (supermarkets/factories),
the transportation in laboratories are more complicated. The reasons can be explained
as follows: in laboratories there are always high-precision experimental facilities and
complex experimental crafts, the proposed mobile robot transportation is expected to
cooperate seamlessly with the existent systems. It requires that the transportation
system should not affect the working process of the existent facilities (systems) and
can communicate with them to finish a complex task. For example, the robot
transportation system should know what time is most suitable for an exhausted mobile

robot to go recharging by considering the whole laboratory automated schedule.
1.3 Aims of this Dissertation

The aim of this study is to present an intelligent mobile robot transportation system in
laboratory environments integrating with the other laboratory automated process. The
works required to develop this system have been divided to two theses: laboratory
transportation (including motion and arm movements) and arm high-precision
manipulation. The first one is to develop a transparent system including the server and
the client sides to control all adopted mobile robots in laboratories for kinds of
flexible transportation tasks. The second one is to design a module of robot arm

manipulation for transportation of high-precision requirements, which will be

-8-
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integrated in the transportation system as an embedded component. The detailed

relationship between those two theses can be found in Chapter 9.

This dissertation is toward to the first topic considering all necessary APIs
(Application Program Interfaces) for multi-robot transportation in laboratory

environments. The specific aims of this dissertation are presented as follows:

» Designing a common system framework for organizing the laboratory
mobile robot transportation. This framework is required to suit for any size
of laboratories and can connect any kind of mobile robots after simple
updating. The final purpose of the framework is to be transparent. It means a
new hardware module or a new mobile robot could be integrated into the
transportation system conveniently as a special ‘sensor’. In the framework, a
series of questions will be answered: i.e. what is the dataflow inside the
hardware and software components of the adopted mobile robots to organize a
laboratory transportation task? How to guarantee the robots run normally even
when they lose the connections to a remote controller? How to control and
coordinate kinds of robots from different manufacturers in the same

distributed environments?

> Presenting a robot indoor localization method for a huge laboratory
environment. In this method, at least the following several points have to be
solved. Firstly, since the proposed transportation system is expected for a huge
laboratory environment, the method should be low-cost and can be extended
fast. Secondly, in this study the working areas of the mobile robots are
possible to be changed frequently, so the method should allow the users to
redefine the indoor positioning maps conveniently. Thirdly, the method should
not affect the performance of other laboratory automation modules. Fourthly,
the method should include the function to calculate the relative positions of
different robots. Since mobile robots may have different positioning
mechanisms inside, it is important to map all of their private coordinates to the

sole global origins of the laboratories.

» Proposing a communication network for the data transmission. Since in
the future more and more mobile robots will be integrated into those
transportation works, a stable, expandable and long-distance network for
connecting the robots is desired. For this purpose, several strategies are under
consideration: (a) proposing a good network to guarantee the stable and
expandable performance of the data transmission; (b) strengthening the signal

capacity of a network to connect/cover the long-distance running mobile

-9-
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robots; and (c) reducing the unnecessary transmitted data between the control
server side and the robot on-board sides to decrease the possibilities of data

transmission jam.

> Providing a function of path planning which can handle various kinds of
mobile robot transportation. The path planning is always crucial in the robot
indoor transportation. Actually there are two kinds of robot path planning
styles, which could be executed in laboratory environments. One is to define
every adopted mobile robot several fixed paths. When a transportation task
between two defined positions is required in the laboratory automation process,
the mobile robot, which can recognize this path, will be asked to finish it. If no
mobile robot understands the path, the transportation cannot be carried out.
The other one is a smart mode, which needs the function of flexible and
intelligent path planning computation. In this case, all robots are defined the
corresponding working maps with a number of recognized positions. The real
executed path for a given transportation task is dynamic based on the real-time
path planning calculation. Compared to the transportation without path
planning, the one with path planning is much more effective, because every

robot is allowed to execute a presented transportation task.

> Realizing charging management for the mobile robot transportation. In
this application, kinds of mobile robots need on-board batteries for their
transportation tasks, so the issue of the robot recharging is important. In the
charging management, at least three works are required: (a) a system (module)
to measure the real-time powers status from robots: this module will monitor
all running mobile robots’ power status then control them to go recharging if
their batteries are close to be exhausted. This module will be integrated
together with other important modules in both of the server/client software
(e.g., motion control module); (b) a fully automated charging station: This
station should have the functions of auto-docking and auto-recharging. When a
mobile robot reaches an expected position where the charging station is
installed, the robot can do re-charging automatically; and (c) there is also an
optimized question: how to configure the charging stations scientifically so the
robots can go charging most smoothly and effectively.

» Last but not least, developing operating software platform and amount of
embedded APIs of the transportation system. The operating platform of the
software should be flexible and friendly. The work of the software
programming will occupy a big part of this dissertation, because there are lots

of works on data measurement, system integration and algorithm development
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needing to be executed in the operation platform. The highest requirement of
this software is to let laboratory staffs operate the presented mobile robot
system comfortably and to let the system be integrated with other laboratory

automation systems seamlessly.

- 11 -
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Chapter 2 Transportation Strategy

An effective control strategy is crucial in any kind of system development. Generally,
it is presented not only based on the system functions and the adopted software &
hardware platforms but also by the consideration of some special requirements (such
as, the working environments). As given in Chapter 1, the developed transportation
system in this dissertation is expected to be run in laboratories, so there are some
special requirements from the laboratory environments which the system has to meet
as follows: (a) convenient expandability; (b) fast integration; (c) robust performance;
and (d) economic cost. Based on considering those four aspects, a new control
strategy to design the mobile robot based transportation system is proposed in this

chapter.

This Chapter is organized as follows: Section 2.1 introduces one kind of mobile
robots named H20 robots adopted in this study; and Section 2.2 proposes the control

strategy of the transportation system.
2.1 H20 Mobile Robots

One kind of mobile robots named H20 from Canadian DrRobot company has been
adopted in this study to demonstrate the efficiency of the proposed transportation
system, as shown in Fig. 2.1. From Fig. 2.1, it can be seen that the H20 robots meet
the hardware requirements of this application, which provide all necessary robotic
modules, including on-board control PCs, arm servo modules, motors, localization
modules, batteries, cameras, ultrasonic sensors, etc. The specifications of the H20

robots can be found in Appendix A.1.

< Overall Height: 1.4 m

< Dimensions: 43 cm (L),
51 cm (W) and140 cm (H)

< Onboard IBM laptop with
touch screen

< Reaching 60 cm with
max lifting weight of 800g

< Max speed: 75 cm/s
(option)

< Dual arms with & joints
(DOF), plus grippers with 2
joints

< 5 Sonars and 10 IRs
< |EEE 802.11g

Figure 2.1: H20 mobile robots [41]
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2.2 Control Strategy

Based on the aims of this study and the hardware properties of the adopted H20 robots,
the control strategy of the proposed system is presented in Fig. 2.2.

Robot Status; » J n J, Transportation
Executed Results ll\' l’\' Tasks

Transportation
Management Level

Robot Remote
Center-RCC

Transportation |:> PMS Systems  ~
Request Level \

A / """ \
SV Robot Status N Selected Path; <@
(Power & Localization); || Control Commands N
Recognized Waypoint; l \

Motion |::> Robot Boarding Robot Boarding Robot Boarding y
Execution Level Center-RBC Center-RBC Center-RBC

Data Acquisition:
Sensors, Images ... ...

/ Commands and Motors \ /
—FL— — L

1= i
Transportation Transportation Transportation

Motion and Arm

Waypoint Map #1 Waypoint Map #2 Waypoint Map #3

NG e

Arm e I' : =] \I =]
R o b
Execution Level ; ° -
L3 Y 2 ?
o\ K

Figure 2.2: System Strategy

As shown in Fig. 2.2, there are four control levels in this system control strategy:
transportation request level, transportation level, motion execution level and arm
execution level. Accordingly, there are four control centers in the corresponding levels:
PMS in the first level, Robot Remote Center (RRC) in the second level, Robot
On-board Centers (RBC) in the third level and Robot Arm Component (RAC) in the

fourth level. Their relationships can be described as follows:

(a) The level of transportation request (in PMS) is the highest in the system,
which is in charge of proposing kinds of transportation tasks when they are
needed in the automated laboratory process. In life science laboratories, it
considers the whole automated process based on the crafts of life science
engineering. In this strategy, it does not need to care about which robot will be
selected to do the presented transportation task and also how to execute it. The

PMS will propose a task using an explicit data format as: Move “Object A”

- 13-
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(b)

(c)

from “S-Lab, Device A, Position 1” to “D-Lab, Device B, Position 2" (see
Fig. 2.3).

The level of transportation management (in RRC) is designed to remotely
control all the connected mobile robots. When a transportation task is coming
from the PMS, the RRC will handle with it using the following steps: parsing
the received PMS command, selecting the best mobile robot for the task,
doing path planning for the task based on the source-destination condition of
the task, sending the chosen robot the best transportation path and monitoring

the status of the transportation executing process.

Laboratory S

Device A

‘ Position 2
. H20 Robot 2

Position 1
14

N/ '

Position 2

. Device B

[ Position 1 .
H20 Robot 1

Laboratory D

Figure 2.3: PMS presented tasks using explicit naming rule

The level of transportation motion execution (in RBC) is developed to
actually implement the motion parts of the transportation tasks. Although the
robot inside hardware modules could be controlled directly by a remote
server-RRC, in this study we prefer to adopt the RRC-RBC distributed
architecture to organize a transportation task. The advantage of defining the
RBCs can be explained as follows: The RBC can reduce the transmitted data
between the robots and the RRC to avoid the phenomenon of data
transmission jam, only the key data (robot positions and powers) will be sent
from the robots to the RRC for path planning computation. On the other hand,
without those RBCs, the RRC has to communicate with the hardware modules
inside robots directly. When the number of running robots is huge, the control

process will become complicated and the communication jam will be serious.
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Additionally, the RBC can continue an executing transportation task even
sometimes the wireless communication between the RRC and the RBC is
broken, because the RBC is installed in the robot controlling all the robotic

hardware modules independently.

(d) The level of transportation arm execution (in RAC) is designed to cope with
the arm movements of the transportation tasks. The RAC will be embedded in
the RBC platforms as a component. The working relationships between the
RBC and the RAC can be described as follows: when a robot reaches the
defined starting position of a transportation task, the RBC will establish a
TCP/IP socket to its relevant RAC then send it a driving command to move up
the arm hardware. Similarly, when a robot arrives at the defined ending
position of a transportation task, the RBC will send its connected RAC to
move down the arm hardware. All of the arm moving trajectories will be
described in a series of XML (Extensible Markup Language)-based control
files in advance, which will be stored in both of the RBC and the RAC. So the
RBC only needs to tell the RAC the kinds of expected movements and the
names of selected control files. Once a RAC receives those two parameters

from its connecting RBC, it will do the transportation arm execution at once.

Based on this strategy, the data flows in the system can be explained as Figures 2.4,
2.5 and 2.6. The workflows in the system can be found in Chapter 9 in details.

Robot Hardware Data

Robot Position (X, Y, Direction); Data Filterin

Robot Power; RBC Data

I

Ultrasonic Sensors;

IR Sensors; Robot Position (X, Y);
Motor Encoder Position; Robot Power;
Motor Encoder Speed;
Camera Video;
Arm & Head Joint Values;
H20 Robots D RBCs @ RRC
RBC Commands RRC Data
Robot Position (X, Y, Direction); Selected Robot ID;
StopTime; Squence of Waypoints;
ForwardSpeed; O (e.g. 1-3-6-10)
TargetTime; QQ\(\
TargetTolerance; \Na
CAEanble; PCa
ReverseDrive; \S) RRC Commands
TargetDirTolerance;
SeqNo; Waypoints/Pathpoints;
AutoRun;

GoTransportation;
GoCharge;
CloseConnect;
StopRobot;
PauseRobot;
ContinueRobot;
CancelTask;

k

Figure 2.4: Dataflow among robots, RBCs and RRC
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RRC Data

Transportation Status

(=)
)

PMS Commands

Transportation Tasks
(e.g. Move Object 1 from S-Lab,
Device A, Position 1 to D-Lab,
Device B, Position 2)

Figure 2.5: Dataflow between RRC and PMS

RBC Commands

Arm Control Commands;

Names of Control Files for

Expected Movements;

RBC § RAC

RAC Data

Status and Results of Arm
Movements;

Figure 2.6: Dataflow between RBC and RAC

As shown in Fig. 2.4, the dataflow among the robots, the RBCs and the RRC can be
explained as follows: (a) the hardware data of robots will be measured by their
corresponding RBCs, which include the parameters of robot indoor positions, powers,
ultrasonic sensors, IR sensors, motor encoder information, camera video and arm &
head joint coding values (see Fig. 2.4, Tag Robot Hardware Data). Those data will be
displayed in the sensor monitoring GUI (Graphical User Interface) in every RBC
automatically if the connections between the robots and their RBCs are available; (b)
the original hardware data from the robots will be filtered and sent to the RRC. The
filtered data only retain the parameters of robot positions and powers (see Fig. 2.4,
Tag RBC Data) which will be adopted to do transportation path planning and robot
selections by the RRC; (c) when the RRC is distributed a transportation task by a
PMS, the RRC will actively send relevant commands (see Fig. 2.4, Tag RRC
Commands —Waypoints) to get the required filtered data from all the RBCs; (d) after
necessary computational steps, the RRC will select the most suitable H20 robot and
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send the RBC of the chosen robot the best path with a sequence of waypoints (see Fig.
2.4, Tag RRC Data); (e) when a RBC receives a path from a RRC, it means this RBC
is asked to control the corresponding mobile robot to execute the transportation task.
The RBC will map the received path numbers to the parameters and commands,
which the robots can understand. After the fast mapping process, the RBC will send
the results to the robot hardware modules for transportation movements (see Fig. 2.4,
Tag RBC Commands); (f) when the mobile robots reach the starting and destination
positions of the transportation tasks, they will drive the right arm movements (such as
the actions of catching up and putting down) using the prepared XML based arm

control files.

The dataflow between the RRC and the PMS in Fig. 2.5 can be specified as follows:
(a) the PMS proposes a transportation task when it is required by the laboratory
process. The PMS commands include the transportation parameters of laboratory
rooms, starting devices/positions and ending devices/positions. As explained in
Chapter 1, the PMS does not consider how the presented transportation tasks will be
executed (see Fig. 2.5, Tag PMS Commands); and (b) when the RRC receives a
distributed task, it should continue to report the latest status to the PMS during the
task implementation (see Fig. 2.5, Tag RRC Data).

Similarly, the dataflow between the RBC and the RAC in Fig. 2.6 can be illustrated as
follows: (a) the RBC distributes an arm task (see Fig. 2.6, Tag RBC Commands) to the
RAC when it is required to finish a transportation process.; and (b) when the RAC
receives a given task, it will drive the arm servo hardware and report the latest status

to the RBC during the arm movement implementation (see Fig. 2.6, Tag RAC Data).
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Chapter 3 Communication Network

3.1 Introduction

Since H20 mobile robots will be controlled to work in distributed laboratories, the
wireless communication is necessary although the wire method has good transmission
performance. In engineering, the popular wireless methods include IEEE 802.11
networks [42]-[47], GPRS (General Packet Radio Service)/GSM (Global System of
Mobile Communication) [48]-[50] and Bluetooth [51]-[56].

A. Leelasantitham et al. made an experiment study of performance for an automatic
robot using IEEE 802.11 wireless communication [42]. Their results showed the delay
time and the maximum distance between a robot installed with a normal wireless

router and a remote control PC were approximately at 100ms and 40m, respectively.

G Enriquez. et al. presented a Wi-Fi (Wireless Fidelity) sensor based network for a
human-aware navigation robot [44], [45]. The robot used a vision-based tracking
system for human awareness. To realize a stable communication, an IEEE 802.15.4
wireless module (MICAZ MPR2400) was installed inside the robot.

M.H. Li et al. found a practical approach to design a guard robot alarm system using
GPRS [48]. A wireless GPRS module was embedded in the robot to communicate
with other robots and remote monitoring hosts. Once robot sensors detected the
dangerous conditions, the GPRS module would send kinds of alarm signals to the

remote control centers and the other robots.

S. Sagiroglu et al. proposed a monitoring mobile robot vehicle system using
Bluetooth communication adapter [51]. The mobile robot system was used do
real-time image monitoring. The Bluetooth adapter was only employed to send higher
commands, and the monitoring cameras were working independently. This system can
realize monitoring, remote control, parameter adjusting and reprogramming through
internet exclusively with a standard web browser without the need of any additional

software.

After analyzing the upper mentioned representative works in wireless communication,

we can conclude that:

® The GPRS/GSM method is one kind of global communication networks. It can be

used in global inter-city communication, and its transmission data can be
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conveniently sent to a standard mobile phone. This is the main reason why it is
popular in remote automated applications. However it has to pay the transmission
fees and its transmission bandwidth is not enough for possibly huge data cases

(e.g. real-time image monitoring);

® The Bluetooth method is one of the standard wireless personal area networks
having lots of advantages, such as no data transmission cost, low energy
consumption and good expandability. But due to the similar problems of limited
data width (< IMbit/s) and short coving distance (<10 meters), it is hard to be
applied in real-time monitoring & control systems. At the same time the
Bluetooth way is easy to be affected by other existing Bluetooth devices in

laboratories due to its open 2.4GHz frequency;

® (Compared to the GPRS/GSM and the Bluetooth, the wireless IEEE 802.11
network is more suitable for laboratory robots. It has width data transmission
channel (>72.2Mbit/s), and it can be easily expanded to unlimited numbers of
PCs and devices with necessary network revisions. In this study the IEEE
802.11g is adopted because it uses the same OFDM technology as employed in
802.11a, plus backward compatibility with 802.11b [57], [58].

3.2 Designed Network (Internal & External Architectures)

As the proposed strategy described in Section 2.2, the transportation system adopts
the standard S/C architecture which is comprised of a server RRC and a number of
on-board client RBCs. For this structure a communication network is proposed as
displayed in Fig. 3.1.

Power Module WIFI *
Module :
Motion & Head (Ga;?\)lvay |
teduliz Switch |
I—» Inside |
Arm Servo — Robot :
HiEEnS Module Wireless Bridge |
Gatewa . |
StarGazer ( #2) v AL WIFI |
(Indoor Localization) r———— e 4
|
| Wireless Bridge
Cameras :
| Switch Outside || RobotRemote |
Ultrasonic/Kinect | Robot/AP Center-RRC :
Sensors | 1 WIFY
| GPRS/
Board Laptop | | Laboratory Process WIFI/ Moblles GSM
(Robot Board Center- | |Management System- [«—GPRS/-—» (Option) [© '
RBC) | PMS GSM
|
Robot Internal Network i Robot External Network

Figure 3.1: Communication network
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As displayed in Fig. 3.1, the presented network is divided into a Robot Internal
Network (RIN) and a Robot External Network (REN). The RIN is employed to
connect all hardware modules inside robots, including power, motion & head, arm
servo, indoor localization, cameras and ultrasonic/Kinect sensors. The RBC runs in
the RIN to measure all hardware data. The REN is designed for the remote
communication among the PMS, the RRC and the RBCs. In the RIN the cable
connection is adopted to guarantee the fast transmission performance, and in the REN
the Wi-Fi connection is utilized to cover the distributed RINs. Based on this presented
network, the system is flexible. A new mobile robot or control module can be
integrated fast after defining an IP address. All the data communication among
different modules in the network is based on TCP/IP protocol. As an option, the
system in this network can also be remotely controlled by a mobile phone through
GPRS/GSM communication.

3.3 Wireless Bridge Integration

Although the performance of the normal IEEE 802.11 network is always satisfactory
in engineering [57], [59], [60], however when the function of real-time image
monitoring is activated in systems it will also possibly meet the phenomenon of
transmission delay and congestion [61]-[63].

In the study, the function of real-time monitoring is an option. As shown in Fig. 2.1, a
H20 mobile robot has two eye cameras and a main camera. So when a big number of
H20 mobile robots are running and all eye cameras of them are being activated at the
same time, the image transmission data will be considerable. Additionally, when a
transportation task is being executed among separate buildings, a long-distance stable
communication is required. To meet those cases (huge-data and long-distance) in
laboratory environments, one kind of 2.4 GHz wireless marine bridges is supplied in
this study between the movable RBCs (Robot Internal Network) and the RRC (Robot
External Network) to strengthen the signal intensity of the IEEE 802.11g Wi-Fi
section as shown in Fig. 3.2. The detailed parameters of this kind of bridges can be
found in reference [64]. A case of IP configuration for this presented network is
demonstrated in Table. 3.1.

Robot Internal J Wireless Robot External
Network Bridge Network

(@)
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Communication Network

(b)

Figure 3.2: Wireless bridge communication: (a) Connection structure of wireless bridges; and
(b) Real cases of installing wireless bridges in H20 robots

Table 3.1: Network settings of five H20 robots in this application

Communication IP addresses and Ports

Modules
Robot One Robot Two Robot Three Robot Four Robot Five
Wireless bridge
192.168.0.20 192.168.0.22 192.168.0.24 192.168.0.26 192.168.0.28
on robot
W‘releifﬂlj’;dge off 192.168.0.21 192.168.0.23 192.168.0.25 192.168.0.27 192.168.0.29

Power Module

Motion & Head
Module

Arm Servo Module

Indoor GPS Module

Robot on-board laotop

Remote Server

Main Camera

Right Eye Camera

Left Eye Camera

192.168.0.95: 1001

192.168.0.95: 1002

192.168.0.94: 1001

192.168.0.94: 1002

192.168.0.109: 7030

192.168.0.99: 8081

192.168.0.98: 8082

192.168.0.97: 8083

192.168.0.85: 1001

192.168.0.85: 1002

192.168.0.84: 1001

192.168.0.84: 1002

192.168.0.108: 7030

192.168.0.89: 8081

192.168.0.88: 8082

192.168.0.87: 8083

192.168.0.75: 1001

192.168.0.75: 1002

192.168.0.74: 1001

192.168.0.74: 1002

192.168.0.107: 7030

192.168.0.100: 7040

192.168.0.79: 8081

192.168.0.78: 8082

192.168.0.77: 8083

192.168.0.65: 1001

192.168.0.65: 1002

192.168.0.64: 1001

192.168.0.64: 1002

192.168.0.106: 7030

192.168.0.69: 8081

192.168.0.68: 8082

192.168.0.67: 8083

192.168.0.55: 1001

192.168.0.55: 1002

192.168.0.54: 1001

192.168.0.54: 1002

192.168.0.105: 7030

192.168.0.59: 8081

192.168.0.58: 8082

192.168.0.57: 8083
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Chapter 4 Laboratory Indoor Localization

4.1 Introduction

Robot indoor navigation is one of the most important works in mobile robotics, which
is to plan a route a mobile robot can move from one location to another location
without getting lost or colliding with other humans or objects in indoor environments
[65]. In the issue of robot indoor navigation there are two main works: indoor
localization and indoor path planning. The first one means a robot can know its
orientations in an indoor environment [66], and the second one is to present an
available path for transportation tasks. This chapter focuses on the first issue, and the

second one will be discussed in Chapter 5.

In recent years, kinds of applications on robot indoor navigation have been proposed,
which can be classified into three aspects: sensor-based methods, model map-based
methods and landmark-based methods.

4.1.1 Sensor-based Indoor Localization

This classification works using kinds of measuring sensors, such as radio frequency
(RF) [67]-[73], ultrasonic & infrared sensors [74]-[79], cameras [66], [80]-[83].

S.H. Park et al. [67] proposed a novel Radio Frequency Identification (RFID)-based
method for robot indoor navigation as shown in Fig. 4.1. In their study, a RFID
module was installed in a mobile robot named UBIRO and a number of read-time
passive IC tags were set in the floor to identify the RFID signals from the robot to
estimate its positions. Their experimental results showed this RFID method was able
to estimate the robot's location and orientation accurately without using external
sensors. More cases about the RFID-based robot indoor localization can be found in
references [68]-[73].

A. Yazici et al. [74] developed an ultrasonic-based positioning system called
SESKON for indoor robotic applications as demonstrated in Fig. 4.2. Different to
other indoor positioning systems using multi kinds of positioning sensors, the
SESKON only adopted ultrasonic sensors. From their experiments at Eskisehir
Osmangazi University based on P3-DX mobile robots described in their paper, it can

be seen that the error of SESKON system was less than 30mm, which can be used for
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high-precision applications. More cases about the ultrasonic sensor-based robot
indoor localization can be found in [75]-[77], [79], [84].

Figure 4.2: Ultrasonic-based SESKON positioning system [74]

S.Y. Hwang et al. [80] presented an indoor vision-based robot localization based on
using the indoor features of corners, lamps and doors as given in Fig. 4.3. They
considered that: although a monocular camera looking up toward the ceiling can
provide a low-cost solution for robot localization, it can’t achieve dependable
identification due to a lack of reliable visual features on the ceiling. So they used the
features of corners, lamps and doors simultaneously to replace the features on the
ceiling. Their results showed that the computer vision method based on multi ceiling
image features can solve the problem that line features can be easily misidentified due
to nearby edges. An experiment was provided to prove the efficiency of the proposed
method. More cases about computer version-based robot indoor localization can be
found in [66], [81]-[83].

Horizontal bar

Vertical

/ullumnh“j
Hor:z ongal bar

(-

f‘: nter of image

Figure 4.3: Computer version-based robot localization using the indoor features [80]
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4.1.2 Map-based Indoor Localization

Apart from the classification based on the kinds of sensors, there is another

classification using modeling maps as follows:

e Map-Based Localization: 1t depends on user-created geometric models or
topological maps of the expected environments. Map-Based information
consists of providing a robot with CAD models. The most representative work
is usually mentioned to the “occupancy map” as introduced in [85]. More
cases about CAD and graph maps can be found in [86][88].

e Map-Building-Based Localization: 1t includes two aspects: firstly, kind of
recognizing sensors are used to construct the geometric or topological models
of the navigation environments; and secondly the built models are utilized to
do the indoor localization. In this method different kinds of landmarks are
always installed in the indoor environments to assist the positioning process.
Once some marked landmarks are identified, the robots will use their
embedded maps to identify their positions by matching the observations
against the expectations. The first case of the map-building navigation is a
Stanford Cart as given in [89], [90]. More cases about robot using robot
sensors to finish inside maps can be found in [80], [91]-[94].

e Mapless Localization: 1t utilizes no explicit properties about the environments,
but prefers to recognize some objects in the environment or to track those
objects by visual observations. Actually this kind of methods can be regarded
that the robot is to build a real-time map based on recognizing the features
such as desks, doorways, etc. Some examples about this kind can be found in
[95], [96].

4.1.3 Landmark-based Localization

This classification means the robots directly adopt the defined landmarks to do indoor
positioning. A good landmark should meet the following requirements: (a) Detection
aspect: the robots are able to determine a landmark in their views quickly; (b)
Recognition aspect: the robots can differentiate the landmarks; (¢) Localization
aspect: once a landmark is identified, the robot can localize itself relative to the
environment if the landmark position is known; (d) Quality and identification aspect:

the number of landmarks should be enough and every landmark has a unique ID.

The progress of the indoor localizing methods using landmarks can be explained as
follows: (a) In the first phase, the natural landmarks are welcomed because of their
easiness. The natural landmark is generally selected in the natural scene considering
their geometrical or photometrical features [97]-[99] [100]. The method of natural
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landmark sometimes is not reliable enough in complex or dark environments [93]; (b)
In the second phase, to improve the performance of the landmark localization, some
scientists started to use artificial landmarks instead of natural landmarks. G Yang et al.
[101] designed a color artificial landmark with symmetric rectangles and seven-part
numbers. J. Park et al. [102] proposed an efficient artificial visual landmark for an
automated guided robot vehicle to locate into the parking position. GH. Li et al. [103]
presented a new artificial landmark based on image segmentation technology and
projective method with directional features for mobile robot localization; (c) In recent
years due to the fast development of the image capture technology, some researchers
begin to use natural ceiling lighting landmarks to guide their mobile robots. They
considered that using the natural ceiling lighting landmarks (e.g. ceiling lighting
lamps) are the most direct and expandable way for the indoor navigation. The ceiling
lighting landmarks can be possibly detected by an advanced up camera of robot
through distinguishing light differences between lamps and ceiling surface. Also the
ceiling lights do not need any special installations [80], [92], [104], [105]. S.X.
Hwang et al. [80] used the lighting lamps as ceiling landmarks to increase the
identification ability of a monocular vision-based Simultaneous Localization and
Mapping (SLAM) system to observe the features in various environments. 7. Kim et
al. [106] proposed a vision based artificial landmark for indoor navigation of a
skid-steering mobile robot.

4.1.4 Discussions

Based on comparison of different methods of indoor navigation mentioned in Section
4.1.3, it can be seen that: (a) the indoor navigation in small areas can have good
performance, but it is still difficult for a large area; (b) every method both has
advantages and disadvantages. Taking the method of image vision for example, it can
provide a robot with high resolution information about its environments, but in some
complicated cases its time performance is not satisfactory, and it is also hard to work
rightly in dark environments [66]. The methods of ultrasound & infrared sensors are
stable, but they are hard to be used in the multi-robot and large place navigation
because multiple sensors will affect each other. It is also not easy to update their
configurations once the system development is ready [107]-[109]. The Radio
Frequency (RF) method, it can work well in a longer distance compared to another
methods (e.g. infrared method), but it is easily affected by another communication
devices using the similar frequencies and the cost of hardware configuration is always
expensive [68], [70], [72].

Based on the current applications of landmark methods, it can be seen that: (a)

landmark method is good to scale and maintain after installation whereas many
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existing techniques fail to provide this important feature; (b) compared natural
landmarks with artificial landmarks, the artificial landmarks can work with a large
number of independent identification signals (e.g. ID numbers), which is precious for
large laboratory automation; (¢) compared active landmarks with passive landmarks,
the passive landmarks do not need electrical powers and additional writing systems;
and (d) comparing passive artificial landmarks with lighting landmarks, the former are
better. The passive artificial landmarks do not need electrical powers and any

electrical installation while the lighting landmarks are easily affected by strong lights.
4.2 Hybrid Solution

In this study, the method of robot localization is not only required to provide accurate
indoor positions and directions, but also is needed for large laboratory environments.
In addition, the extension and developing cost of the adopted method are considered.
Based on the discussions given in Section 4.1.4, plus considering the requirements in
laboratory environments, a hybrid solution is proposed. The hybrid localization

method includes two modes:

R/

¢ Ceiling landmark based global localization: This mode is proposed to guide
the mobile robots to reach a series of expected positions in laboratory
environments based on the prepared ceiling landmarks. It emphasizes on the

extendable performance of the localization.

RS

% Floor landmark based local localization: This mode is presented to correct
the mobile robots in some high-precision required positions in laboratories. It
focuses on the accurate performance of the indoor localization.

4.2.1 Ceiling Landmark Based Global Localization
4.2.1.1 StarGazer Module

For the laboratory global localization, an IR module named StarGazer and a number
of ceiling passive artificial landmarks both from Korea Hagisonic company are
adopted (see Appendix A.3). As shown in Fig. 4.4, the StarGazer module consists of a
Complementary Metal Oxide Semiconductor (CMOS) Infrared Radio (IR) camera, an
infrared LED array and a Digital Signal Processor (DSP), and it can analyze IR image
which is reflected from a passive landmark with a unique ID. The passive artificial
landmark is made of a retro coated film material which can strongly reflect the

infrared rays coming from the StarGazer module [110], [111].
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Figure 4.4: Working mechanism of StarGazer module [111]

As displayed in Fig. 4.5, the maximum ID of a 4x4 landmark is 4095. The distance
between two ceiling landmarks in real applications can be longer than 2m, so the 4x4
landmark is normally enough for a huge laboratory. If in some cases the maximum ID
of a 4x4 landmark is not enough, it is also possible to extend the maximum ID by
adding more lines or rows of points. An installing case of this kind of landmarks at
our center is demonstrated in Fig. 4.6.

O Position, Orientation
Recognition Code

1D Recagnition
Code

Figure 4.6: A case of installing ceiling landmarks at Celisca, Germany
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The StarGazer module provides a series of commands for engineers to control the
measuring process of the indoor positioning data. The key parameters of the
StarGazer module are abstracted in Table 4.1. The final outputting data format of the
StarGazer module include X position, Y position and Direction (see Appendix B.1).

Table 4.1: Specification of StarGazer Module [111]

API Interface Communication Sl e Repe.tl'Flve Heading Angle
Protocol Precision Resolution
UART .
ASCII Code 20 Times/Sec 2 cm 1.0 degree
(TTL 3.3V)

4.2.1.2 Precision Discussions of StarGazer

There is a published paper [1] focusing on the precision of the StarGazer in
laboratories. In their works, an experimental mobile robot using the StarGazer module
was provided to estimate the positioning precision. From the results given in their
paper, we can see that the performance of the StarGazer module was satisfactory (the
maximum error of the positioning was less than 2cm). However, the reference [1] did
not provide any information about the ceiling conditions of their experimental
laboratory. In our opinions, the StarGazer module could be possibly affected by
reflective ceilings and strong lighting conditions because it adopts the IR mapping
mechanism. So it is necessary to verify the performance of the StarGazer module
under strong/dark lighting conditions or reflective ceiling materials.

Figure 4.7: StarGazer precision experiment in reference [1]

To investigate the performance of the StarGazer module in unexpected lighting
environments (e.g. strong-lighting, dark-lighting and reflective ceiling condition), a
group of experiments has been done in our laboratory (Celisca, Germany). In those
experiments, two kinds of issues have been focused: How is the performance of the
StarGazer module in laboratory environments with dark or strongly bright lighting

conditions and how is its performance in the indoor environments with reflective
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material ceilings? The measuring steps of those experiments are executed as follows:
(a) a third-part IR sensor is installed in a H20 mobile robot; (b) put the chosen H20
mobile robot at a position under a special lighting condition and use the RRC of the
robot to build a simple transportation path which will guides the robot to arrive at the
prepared position repeatedly; (c) paste a grid paper on the prepared position and
calibrate the robot’s IR sensor to match the central point of the grid paper; and (d) use
the RRC to control the robot to repeat the predefined experimental path and record the
position error every time when the robot reaches the special position. In the
experiment of light affecting measurement, several landmarks were installed in an
indoor area inside a life science laboratory with strong ceiling lights as shown in Fig.
4.8. As displayed in Fig. 4.8, those installed landmarks were located closely to the
bright lights. In this experiment, the adopted robot was controlled to reach a prepared
position where was directly below those bright lights. During the robot movements

the lights were switched several times.

The experimental results are demonstrated in Figures 4.9, 4.10 and 4.11. From Figures
4.9, 4.10 and 4.11, it can be found that: (a) every time when the strong lights were
turned on the localization performance of the StarGazer module become worse; (b)
this phenomenon displayed when the strong lights were covered can prove that the

performance of the StarGazer module is affected by the strong lighting conditions.
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(c)

Figure 4.8: Experimental environment with strong lighting: (a) a ceiling landmark can be

recognized rightly without strong lighting condition; (b) the ceiling landmark can not be

recognized with strong lighting condition; and (c) the ceiling landmark can recognized rightly

again when the strong lighting condition has been covered by a paper.

Additionally two experiments using the reflective ceilings and the dark lighting

condition are also provided in this study. The results showed that the performance of

the StarGazer module under the dark environment was satisfactory but that under the

reflective ceilings was unsatisfactory. The detailed results can be found in Appendixes
C.l and C.2.
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Figure 4.9: Measured errors of direction
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Figure 4.11: Meaured errors of position Y

4.2.2 Floor Landmark Based Local Localization

As demonstrated in Section 4.2.1, the performance of the StarGazer localization is
unsatisfactory when it is implemented in the strong-lighting and reflective ceiling
environments. But on the other hand the StarGazer module also has many impressive
advantages. For instance, it is easy to be extended for large laboratories after

installing additional landmarks and the cost of landmark installing is economic.

To improve the performance of the StarGazer module, in this study a hybrid method is
proposed as demonstrated in Fig. 4.12. In this hybrid architecture, the works of the
robot indoor localization have been classified into two kinds and in each one an
independent solution is presented: (a) the StarGazer module working with the ceiling
landmarks is retained to do the global indoor localization for the whole laboratory
environments; (b) and a new method using a robot on-board Kinect depth sensor and a
series of floor landmarks is presented to do the local localization for some
high-precision required conditions (positions).

Transportation Indoor

b= | H - - .
Localization For the high-precision

For the whole —

laboratory required positions
Global Local i
Localization "> Localization
StarGazer Ceiling MI(':'I'OSOft Floor
1 Kinect 1
Module Landmark Landmark
Sensor

=== omA

KINECT for 4% Windows

e o (0 @
L 3

.
L] L S
.

Figure 4.12: Hybrid method of indoor localization for laboratory transportation
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4.2.2.1 Microsoft Kinect Sensor

In the local localization, one kind of Microsoft Kinect sensors is installed in the H20
mobile robots to detect the color floor landmarks for the function of robot posture
correction. Kinect sensor is a new production of Microsoft company [112] which was
originally designed for the game playing. However it has been validated that it is
qualified for engineering applications, especially for mobile robotics [113]-[115]. The

specifications of the Microsoft Kinect sensor are given in Appendix A.2.

L. Cheng et al. developed a human-robot interactive demonstration system using the
Microsoft Kinect sensor [113]. To let the non-expert users control the humanoid
robots freely, they used the Kinect sensor to recognize the different body gestures of
the operating human to control a demonstrated robot named Aldebaran humanoid

robot Nao.

D.S.0. Correa et al. presented a system for surveillance mobile robot indoor
navigation [114]. In their works, two main components were provided. The first one
was to use the depth sensor of a Microsoft Kinect to detect the obstacles. The second
one was to adopt an artificial neural network (ANN) to identify different obstacle
configurations for the indoor navigation. The ANN was trained by the data measured
from the Kinect sensor. A Pioneer P3-AT robot equipped with a Kinect sensor was

given to estimate the performance of their proposed system.

N. Moriyama et al. discussed the developed of a navigation component for JAUS
(Joint Architecture for Unmanned System) compliant mobile robots using the Kinect
sensor [115]. In their paper, a laser range finder and a Kinect sensor were both
employed to measure three-dimensional indoor environments, and an experiment was
implemented to confirm the validity of this proposed Kinect-based navigation
algorithm and system. More robotic applications using the Microsoft Kinect sensor
can be seen in references [116]-[121].

Based on the upper mentioned literatures on Kinect robotic applications, the
advantages of the Microsoft Kinect can be summaries as follows:

» Compared to normal 2D cameras, the Kinect sensor can be regarded as a 3D
camera, which generates both of a 2D real-time image and a group of grid
distances between the pixels in the 2D image and the recognized objects. This
function of depth measurement is useful for the robot image-based localization
and collision avoidance.

» The development API of the Kinect sensor has abundant functions and
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properties, which allow the designers to develop their applications in a short
time. The producer of the Kinect sensor-Microsoft company opens the latest

development kits for the engineers.

» As mentioned in Chapter 2, every H20 mobile robot has an on-board laptop on
which the RBC will run. Since the Kinect sensor has a USB port, it can be
integrated conveniently by the RBC of the H20 robots without any hardware
revision. This is also one of the reasons why we select the Kinect sensor

instead of other possible solutions in the local localization.
4.2.2.2 Strategy of Local Localization

The working mechanism of the proposed local localization is demonstrated in Fig.
4.13. It is explained as follows: In a transportation executing process, the selected
H20 mobile robot will be given a path with a series of waypoints by the RRC. In this
sequence, all of waypoints are measured and recorded automatically by the
corresponding RBC. For the normal waypoints, the RBC will only use the Stargazer
module and the ceiling landmarks to navigate the robots. If one of the waypoints
needs high-precision localization, a floor landmark (red color circle) can be set in
those positions. When the robot goes to those special positions, the robot on-board
Kinect sensor will be activated automatically by the RBC to capture the floor
landmark then the correcting parameters can be calculated by the RBC. The calculated
results will be sent directly to the RBC motion module for the robot posture correction.

A H20 robot carrying a Kinect sensor is shown in Fig. 4.14.

H20 Mobile
Robot

Kinect
[j Sensor
“_/
Floor
Landmark
1 1 —

Figure 4.13: Graphical chart of local localization
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KINECT for 4% Windows

Figure 4.14: Kinect application in laboratory indoor local localization

Based on the upper proposed strategy, a software component is developed based on
the Microsoft C# and the Microsoft Kinect Software Development Kit (SDK) as
shown in Fig. 4.15. From Fig. 4.15, it can be seen that the developed GUI not only
measures the distance between the moving robot and the floor landmark but also
calculates the real-time errors (Coordinates X and Y) of those high-precision required
positions. The correcting errors will be loaded to the H20 motion modules for the
position correction. The workflow of the Kinect correcting function in this GUI is
illustrated in Fig. 4.16. An experiment of this floor-based localization is provided in
Appendix C.3.

-'. Calar Tracki . ]

Object Position : ¥: -0.26 m  ¥:-0.33 m Digtance from Kinect @ 1.10 m Position Correction: False

Figure 4.15: Main GUI of Kinect local localization function
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The localization component of a RBC
sends a starting command to the
Kinect component to drive the function
of local localization

v

i— Kinect runs ﬁ

Measure the real-time Measure the real-time
image frame depth frame

v
Use the color filter to
NO detect the floor
landmark

==y

Detect the landmark and
cover it with a rectangle or
circle

v

Find the central point of the

floor landmark and measure

the ditance between the |«

floor landmark and the
Kinect

End

Figure 4.16: Flowchart of robot Kinect componnet

As shown in Fig. 4.16, the detailed steps of the Kinect correcting computation can be

explained as follows:

>

>

YV V V

The RBC of a mobile robot sends a starting command to the GUI of the Robot
Kinect Component (RKC) to drive the function of local localization;

The RKC in this RBC measures the image and depth frame from the on-board
Kinect sensor (the RGB and depth values for every pixel in the view);

A color filter is executed on the sampled image frame;

Build a Cartesian coordinate in the image frame;

Detect the expected RBC object of the floor landmark and draw a rectangle or
circle coving the landmark;

Calculate the coordinates of the central pixel of the coving rectangle or circle
in the built Cartesian coordinate and read the depth value of the central pixel.
The RBC controls the robot moving to the floor landmark using the calculated

distance and correcting coordinates;
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Chapter 5 Collision Avoidance

5.1 Introduction

Collision avoidance means the moving mobile robots recognize the front dynamic
obstacles and select an alternative avoidance way automatically. The issue of robotic
collision avoidance includes two main kinds: arm collision avoidance and motion
collision avoidance. The first one happens when robots catch some objects through
their arms, which always relates with the computation of robot arm kinematics. It tries
to find a safe trajectory avoiding collide any other objects for every arm joint. The
second one is for the mobile robots to move smoothly in an indoor environment

without colliding any persons or obstacles.

In this study, the arm collision avoidance copes with the static obstacles (e.g. labwares
on laboratory workbenches) and the motion collision avoidance handles with the
dynamic objects (e.g. humans). The chapter emphasizes on the second one-motion
collision avoidance. In recent years, there are some proposed methods on this topic,

which are reviewed as follows:

C.Y. Lee et al. compared the performance between multi-ultrasonic sensors with fixed
beam-with and that with different beam-widths then presented a robot indoor collision
detecting method based on the comparing results [122]. In their proposed method, two
different kinds of ultrasonic sensors have been used: small-beam width sensors were
asked to detect environments with high resolution and large-beam width sensors were
activated to measure possible obstacles in robot motion. An experiment showed that

the method was effective for the robot collision measurement in a complex room.

H.D. Kim et al. studies the SLAM of mobile robots in indoor environments with
Digital Magnetic Compass (DMC) and ultrasonic sensors [123]. Those two kinds of
environment sensors were utilized to let mobile robots do autonomous path planning
and collision avoidance. Also as they said, some computation intelligence models
were presented to infuse the gotten distance data to perceive the robots’ indoor

positions.

K. Izumi et al. proposed an obstacle avoidance method for a quadruped walking robot

using both of camera images and ultrasonic sensors [124]. In their application, a
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single camera was used to sample the rough information of three-dimensional
obstacles while additional ultrasonic sensors were installed to obtain the accurate
information of those obstacles. The proposed fusing measure using more signal

resources was proved through several experiments provided in that paper.

S. Cui et al. proposed a fuzzy based method for mobile robot obstacle avoidance
[125]. In the method the environment surrounding parameters were measured by robot
installing ultrasonic sensors then the sampled data were loaded to a dual-component
fuzzy controller. There were two fuzzy models proposed: one was for the obstacle

avoidance, and the other one was designed to guide the robot move to the targets.

H.W. Je et al. presented a collision observer to detect the collisions between service
robots and unknown obstacles [126]. In the method, they did not need any extra data
from outside sensors such as the force, tactile or visual information. Instead of the
normal sensors, the collision in that paper was measured by an observer considering
two parameters: current value and control inputting value. This method was validated

by a real experiment successfully.

P. Vadakkepat et al. combined Artificial Potential Field (APF) and genetic algorithm
(GA) for real-time robot path planning considering indoor obstacles [127]. In the
paper, kinds of potential field functions for obstacles and target positions were defined,
the APF was employed to identify the optimal potential field functions, and a new
algorithm named escape-force was presented to avoid the phenomenon of local
optimization by the APF. Several simulated results showed that the method was
efficient and robust for robot avoidance path planning. More similar cases on the topic

of robot indoor collision avoidance can be found in references [116], [128]-[131].

From the upper literature reviewing, it can be analyzed that: (a) in most applications
of indoor robots, the collision avoidance is desired; (b) to detect the robot surrounding
obstacles, the cameras and ultrasonic sensors are generally adopted; (c) among the
collision path planning, the APF method is one of the most successful ones. This
Chapter is organized as follows: Section 5.2 demonstrates the existent functions of the
collision avoidance in the H20 mobile robots; Section 5.3 presents two new methods
to solve the existent collision avoidance problems of the H20 robots; and Section 5.4

concludes the results of this Chapter.
5.2 Original Collision Avoidance of H20 Robots

In H20 mobile robots, the issue of collision avoidance has been considered and

included. A series of environment measuring sensors including the ultrasonic sensors
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and the IR sensors are used to detect the surrounding obstacles and a method named
APF based algorithm is utilized for the robot collision local path planning. This
section will discuss the collision avoidance performance of the H20 robots and

analyze the existent problems.
5.2.1 Measuring Sensors

Fig. 5.1 shows the configuration of sensor modules in the H20 robots, which include 5
ultrasonic sensors (Sonar sensors), 10 IR range sensors and 2 motor encoders. The
ultrasonic sensors and IR sensors are installed in the robot basis and body for the
obstacle measurement, and the motor encoders are included for the robot motion

control.

Left

A-J Positions: IR Sensors
O/P/KILIM Positions: Ultrasonic Sensors (Sonars)
T/U Posiitons: Motor Encoders

Figure 5.1: Sensing modules in H20 mobile robots for the collision avoidance [41]

5.2.2 Avoidance Path Planning

The H20 mobile robots adopt the APF for the collision local path planning. The APF
is firstly proposed by Professor O. Khatib at Stanford University in 1995 [132]. In the
APF, the robot is regarded as a particle moving immersed in a potential field, which is
generated both by the target and by the obstacles. Every target makes an attractive
potential while at the same time every obstacle generates a repulsive potential. The
robot in the potential environment is subject to the action of a force driving it to the
target while keeping it away from all obstacles. As demonstrated in Fig. 5.2, the robot
actually will move by the action of the integration force Fint of the attractive force
Fatt and the repulsive force Frep. Due to the simple computation and effective
performance of the APF, it has been regarded as one of the most important algorithms
for the robot collision avoidance and generally applied in robotic applications [133],
[134]. The detailed computational steps of the APF can be found in references [127],
[132], [135].
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Figure 5.2: Mechanism of APF

5.2.3 Existent Problems

As explained in Section 5.2.2, the APF controls the robots moving to the targets based
on kinds of integrated forces. Based on our previous experiments, we find that in most
cases the APF can work effectively. But when the angle between the Faff and the
Frep is big, the integrated force would be insufficient to drive the robots out of the
repulsive potential, and then the robots will easily go into a vibrating phenomenon as
shown in Fig. 5.3. In this study the robots will run different sizes of laboratory rooms

including some narrow corridors, so this disadvantage of the APF must be solved.

Wall
> Path

/

X2

X

X - X

b o

Figure 5.3: Vibrating phenomenon of APF
5.3 Improved Methods

To solve the vibrating phenomenon of the APF, two improved methods are provided

in this application.

e One is to measure a longer distance between the robot and the obstacle. As
explained in Section 5.2.3, if an obstacle could be found earlier and further, it
is more possible to avoid the dead vibrating phenomenon. The robot on-board

Kinect Sensor adopted in Chapter 4 for the robot indoor localization is also
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utilized for the obstacle measurements in this chapter. Based on the Kinect
sensor, not only the distance between the robot and the obstacle can be
measured, but also the shape of the obstacle can be recognized. Another reason
of using the Kinect sensor in the collision avoidance is explained as follows:
in laboratories, sometimes the mobile robots need to find and avoid the
obstacles in the other sides of some glass doors or walls. In those cases the
Kinect sensors can be used instead of the traditional ultrasonic sensors. Two
examples of Kinect obstacle recognition in the study are demonstrated in
Figures 5.4 and 5.5.

]

Figure 5.5: Obstacle depth recognition

The second one is to path the collision avoidance in a global view. Since the
RRC reads all positions of the running mobile robots, it is good to do a global
path planning in the RRC side to avoid the collisions. Once the RRC finds
more than two mobile robots are going to the same waypoint (position), it can
control them to reach the position at different time by controlling the robot
running speeds. The control priority could be decided based on considering
both of their power status and important levels of the given transportation
tasks. The global method of robot collision avoidance is demonstrated in
Algorithm 5.1. The detailed computational steps of the adopted methods for
the global path planning can be found in Chapters 6 and 7.
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Algorithm 5.1: Global collision avoidance adopted in this study

Input: A series of distances between the robots and the obstacles.
1:  dl = the real-time sonar distance.

3. d2 =the APF activation distance.

4:  d3 = the APF termination distance.

5:  while read the real-time distance do

6

if d1<d2 do
7: Start a collision avoidance program.
10: if d1>d3 do
11: Do a collision avoidance using the APF local navigation method.
12: else
13: Do a collision avoidance using the Floyd/GA path planning method
11: end if
15:  else
16: Stop the collision avoidance program.
17:  endif

18:  return a collision avoidance path

5.4 Discussions

This chapter discusses the disadvantages of the function of collision avoidance in the
H20 mobile robots. The analyzing results show that the collision avoidance of the
H20 robots almost cannot be used in narrow laboratory environments. To improve the
performance of this existent function, a new method is presented as follows: (a) in
every H20 robot, an additional Kinect depth sensor is installed to measure farer
obstacles and some obstacles in the other sides of laboratory glass doors. Compared to
the existent ultrasonic sensors adopted in the H20 robots, the Kinect sensors not only
can measure the distances between the obstacles and the robots but also can recognize
the shapes of obstacles. The capacity of shape recognition is good for the following
path planning work; and (b) a global avoidance path planning idea is proposed. As
explained in Chapters 6 and 7, the transportation path planning is based on kinds of
maps with a series of defined waypoints. So it is possible to control the robots to
avoid each other by adjusting their running speeds. It means the issue of avoidance
path planning will be considered together with the topic of transportation path

planning.
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Chapter 6 Map Theory Based P2P Path Planning

6.1 Introduction

In this study the H20 mobile robots are always asked to do peer-to-peer (P2P) transportation
tasks. So the work of path planning for the H20 robots is crucial. As explained in Chapter 2,
the distributed RRC-RBC system architecture is adopted to organize the transportation. In the
RBC of every H20 mobile robot, an independent transportation map will be defined. When
the RBC is connected to a RRC, the RRC will do path planning for the corresponding robot
and wait for a coming PMS transportation task. To do effective path planning for the RBCs, in
the RRC side two kinds of works are indispensable: to sample all defined positions from the
connected RBCs and to choose a right algorithm for path planning computation. The first
topic will be given in details in Chapter 9 and the second one will be discussed in this
Chapter.

This Chapter is organized as follows: Section 6.2 proposes a hybrid strategy using two
algorithms from the map theory for the robot P2P path planning; Section 6.3 analyzes the
performance of the two map theory-based planning algorithms; and Section 6.4 concludes the
results of this chapter.

6.2 Hybrid Strategy

To have effective P2P path planning, a hybrid method based on Floyd algorithm and Dijkstra
algorithm is proposed in this Chapter, which includes two computational modes:

e Off-line mode: Once the RRC receives all the prepared waypoints from the RBCs, the
Floyd algorithm will be run at once to calculate all the shortest paths for any two
waypoints. Once the RRC receives a transportation task from a higher PMS system, it
will select the best mobile robot for the task and give it a path (the shortest path by
default) automatically by searching for the corresponding stored path matrix. This
process is a kind of off-line path planning mode.

e On-line mode: Once the RRC finds the next waypoint of the current running path is
not available for a RBC (e.g. being occupied by a robot or a person), the Dijkstra
algorithm will be immediately started to determine an alternative path between the
robot current position and the target position for the RBC. If it is impossible to find an
alternative path for this RBC (robot), the RRC will choose another mobile robot to go
on the transportation process. This process is a kind of on-line path planning mode.
Actually this mode is also strongly related with the issue of collision avoidance
discussed in Chapter 5.
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6.2.1 Floyd Algorithm

Floyd algorithm is one of the most popular graph algorithms for finding the all-pairs shortest
paths in a positive or negative weighted graph, proposed by a computer scientist Robert Floyd
[136]. Due to its robust performance and simple computation, it is popular in the issue of robot
shortest path planning [137]-[142].

The main computational steps of the Floyd algorithm are explained as follows: (a) define an
initial Distance Matrix DM (i,j) to record all adjacent edges for a graph; (b) establish an initial
Path Matrix PM (ij) to save all the numbers of the intermediate vertices in a shortest path
between two vertices i and j; (c) do an iterative process to find all the potential intermediate
vertices among the data set of vertices. A searching algorithm is demonstrated in Algorithm
6.1; (d) after an iterative searching process finishes, the initial DM will be become as a final
DM to store all the shortest distance for any two vertices, and the initial PM will save the
corresponding numbers of passing intermediate vertices.

Algorithm 6.1: An iterative loop of the Floyd algorithm

1: Initialize DM(i,j) and PM(i,j)

2: Loop k=I1:n

3 Loop i=l:in

4. Loop j=1:n

5: If DM(i,j)>DM(1,k)+DM(k,j)
6: DM(1,j)=DM(1,k)+DM(k,j);
7 PM(1,j)=PM(i,k);

8: End If

9: End Loop

10: End Loop

11: End Loop

A transportation map including five waypoints is presented to demonstrate the working
mechanism of the Floyd algorithm as displayed in Fig. 6.1. From the coordinate values of
those waypoints in the map, a Floyd initial Distance Matrix can be calculated in Table 6.1.
Based on the Floyd searching process described in Algorithm 6.1, the final Distance Matrix
(DM) and Path Matrix (PM) can be demonstrated in Tables 6.2 and 6.3, respectively. From the
Tables 6.2 and 6.3, the shortest path and its related distance for any two waypoints can be
abstracted easily. For instance, the shortest path between the waypoint (D and the waypoint

@ can be output as a sequence of D-2)-3)-@.

(4.1)

Figure 6.1: A demonstrated map with five working waypoints
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Table 6.1 Initial distance matrix of Floyd algorithm

Distance 1 2 3 4 5
1 0 2 oo 8 co
2 2 0 2 8 2.236
3 oo 2 0 2 1
4 8 8 2 0 2.236
5 oo 2.236 1 2.236 0
Table 6.2 Final distance matrix of Floyd algorithm
Distance 1 2 3 4 5
1 0 2 4 6 4236
2 2 0 2 4 2.236
3 4 2 0 2 1
4 6 4 2 0 2.236
5 4.236 2.236 1 2.236 0
Table 6.3 Final path matrix of Floyd algorithm
Numbers of
intermediate 1 2 3 4 5
waypoints
1 2 2,3 2,34 2,5
2 1 0 3 3,4 5
3 2,1 2 0 4 5
4 3,2,1 32 3 0 5
5 2,1 2 3 4 0

6.2.2 Dijkstra Algorithm

In the robot path planning, there is an important issue that needs to be considered. When a
robot is implementing an attributed Floyd path but the next waypoint in his path is just being
occupied by another robot or a laboratory person, how to find an alternative on-line path
quickly?

For this problem there are two simple solves: (a) one is to stop the moving robot to wait until
the next waypoint becomes available again; and (b) the other is to re-run the finished Floyd
program to update the existent shortest path matrix. Obviously the first one is not effective. As
for the second one, it is also not preferred. Because once the Floyd algorithm is re-started, it
will update all the shortest paths for any two waypoints including those passed ones because
of the computational mechanism of the Floyd algorithm. Suppose in a huge waypoint case,
the re-running process will cost a considerable time.

In this study Dijkstra algorithm is employed to solve this kind of emergencies. For example,
in Fig. 6.1 when a robot is moving on this path and the waypoint (3 is just being occupied

by another robot, an alternative path using a sequence of @-5-@ can be presented easily by
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the Dijkstra searching. Similar to the Floyd algorithm, the Dijkstra algorithm is also a famous
algorithm in map theory, which is proposed to determine the single-source shortest path in a
positive weighted graph. H.I. Kang et al. developed a path planning algorithm based on
Dijkstra algorithm and particle swarm optimization [143]. ¥. Chao et al. proposed an
improved Dijkstra algorithm for the two-station shortest path planning in a big city [144].

The searching process of the Dijkstra algorithm can be demonstrated as follows: (a) Build a
Path Set (PS) to record the intermediate waypoints for the shortest path. At the beginning the
PS only has the starting waypoint (named ‘A’ point); (b) Initialize an Unvisited Set (US) to
include all the waypoints except the starting waypoint; (¢) Calculate all the distances between
the ‘A’ point and its linked waypoints in the US, choose the shortest path and move its
connected waypoint (named ‘B’ point) to PS; (d) Recalculate all the distances between the ‘B’
point and its linked waypoints in the US, then pick up the waypoint from the US whose path
to the ‘A’ point through the ‘B’ point is the shortest; (f) Do an iterative searching process until
the ending waypoint has been moved into the PS successfully, then the shortest path can be
found in the PS based on the starting and ending points. The detailed calculation steps of the
Dijkstra algorithm can be found in references [132-133].

6.3 Discussions

In this chapter a hybrid map theory-based path planning method is proposed for the P2P
transportation tasks. It considers both of the simplicity and the flexibility of the path planning,
which is comprised of two working modes (off-line/on-line). Based on the mode of oftf-line
path planning, all available transportation paths can be calculated by the Floyd algorithm once
the RRC receives all parameters of the predefined waypoints from the connected RBCs.
Based on the mode of on-line path planning, a fast alternative path can be found by the
Dijkstra algorithm if there is an emergency in the transportation execution. This hybrid
method can be programmed conveniently using any mainstream developing languages. The
developed software and the experiments using this method are demonstrated in Chapters 9
and 10, respectively.
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Chapter 7 Artificial Intelligence Based Patrol Path
Planning

7.1 Introduction

In Chapter 6, a map theory based method for the robot P2P path planning in
laboratories is presented. As described in Chapter 6, the P2P path planning works
directly for a series of coming transportation tasks. Once the RRC is distributed a
PMS transportation, it will build a P2P available path (always the shortest path) for
the chosen mobile robot. However in some cases when the mobile robots are asked to
go back to the original positions after executing a P2P path, the issue of the P2P path
planning will become as a topic of patrol path planning. Also in some laboratories the
mobile robots are controlled to do patrol transportation working together with other
automated lines. For example, robots are asked to distribute experimental facilities to

different laboratory workbenches or execute a patrol security task.

To do patrol path planning, there are two options. One kind is to repeat the process of
the P2P planning a number of times based on the requirements of the expected
transportation. The other kind is to plan the patrol path in a global view. Since the first
one can be executed using the proposed method in Chapter 6, this chapter will focus
on the second choice-global patrol path planning using Genetic Algorithm (GA) and
Artificial Ant Colony Algorithm (AACA).

This Chapter is organized as follows: Section 7.2 presents a robot patrol path planning
using the GA algorithm; Section 7.3 presents a robot patrol path planning using the
AACA algorithm; Section 7.4 provides a comparison of the performance of the GA
and AACA in the application; and Section 7.5 concludes the results of this chapter.

7.2 Genetic Algorithm

GA is a global optimal algorithm, which imitates the principles of biological evolution.
It has been regarded as one of the best methods of global intelligent optimization. ¥.
Hu et al. proposed a knowledge based GA algorithm for the path planning of a mobile
robot in unstructured environments [145]; H.Y. Wang et al. designed a PID
(Proportional Integral Derivative) for the control of positions and velocities of mobile

robots using the GA [146]; J.S. Kong et al. presented an optimal gait generation for a
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humanoid robot using the GA [147]; N. Sadati et al. used a hybrid method based on
Hopfield neural networks and genetic algorithm for solving the issue of robot motion

planning in crisp environments [148].

The main calculation steps of the GA include making codes on chromosomes,
generating initial populations, defining the fitness function and applying the
evolutionary process, including selection, crossover, and mutation operations. A

completed workflow of the GA is demonstrated in Fig. 7.1.

Initial populations
based on a prepared

path map
v
» Calculate fithess
ermination criterion Yes
Satisfied?
No l
x Stop GA
Selection optimization
v '
Crossover and Output a
Mutation robot path
v
New populations End

Figure 7.1: Computational steps of the GA
7.2.2 Chromosome coding
The traditional binary coding [149] and real-number coding [150] in GA theory do not
suit for the case, so a new sequence coding is proposed. The new chromosome

encoding from Node [ (Starting point) to Node K (Destination point) is demonstrated
in Fig. 7.2. A chromosome will be recorded as a list of nodes.

- &N N

Chromosome: 1 2 3 K1 | K2 | K

Figure 7.2: A robot path and its encoding format
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7.2.3 Generation of initial populations

There are two ways to generate the initial populations: random initialization and
heuristic initialization. Although the first one can guarantee the diversity of the
populations, it is easy to cause a searching failure and needs more training time. To
avoid obtaining a dead-loop or broken path in the graph map searching, a heuristic
rule is proposed as follows: (a) only the connected waypoints can be included in the
initial populations; (b) any waypoint is not allowed to be selected and included in the
initial populations more than twenty times except for the starting point and the
destination point; and (c) all the initial populations are generated in random by
selected the connected middle points between the starting point and the destination
point. As for the size of populations, it will be decided considering both of the model

performance and the path searching time.
7.2.4 Fitness function

To simplify the GA searching process, a fitness function is defined as follows:

F;:L 1

i—1
i

ZDG, ()G

J=1

(Equation 7.1)

Where F is the fitness value of a chromosome i, is L the length of the chromosome i,
Gi(j) represents the gene (waypoint) of the path j in the chromosome i, and D is the

distance between points.
7.2.5 Selection operation

The purpose of the selection operation is to improve the average quality of the
population by giving the high-quality chromosomes a better chance to get copied into
the next generation. Here the roulette wheel algorithm is adopted to do the selection
operation. It selects the chromosomes based on their fitness results relative to the
average fitness of the other chromosomes in the population.

7.2.6 Crossover operation

Crossover operation examines the current chromosomes to find better ones, which
will guarantee the diversity of the solution space. To avoid the waypoint off-chain
phenomenon of the parents caused by this crossover operation, two chromosomes
selected for the crossover operation should have at least one common point except for

the starting and destination points.

The detailed steps of the crossover operation are proposed as: (a) find the common

points between two parent chromosomes except the starting and destination points;
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Select any point randomly among those found common points as a crossover position;
(c) execute a crossover operation. An example of the new crossover operation is

demonstrated in Fig. 7.3.

Path Parent 1: ‘ 1 ‘

w
o
[ |
<
o

PathParentZ:‘1‘2‘3“4‘6‘8‘

Parent Population 1: Parent Population 2:
(1,3,5,6,7,8) (1,2,3,4,6,8)
L Find the common points J
as: (3,6)

v

Select a random point
among (3,6), suppose the
Point 3 is chosen.

Execute the crossover
operation as follows:
Child Population 1: Child Population 2:
(1,3,4,6,8) (1,2,3,5,6,7,8)
\ \
v

(e

Figure 7.3: An example of the crossover operation

7.2.7 Mutation operation

To increase the diversity of the populations and prevent the premature convergence
phenomenon during GA iterative searching process, a new rule of the mutation
operation is proposed as follows: (a) select a random gene (waypoint) from the parent
chromosome as the selection position; (b) find all the waypoints be connected to the
selection waypoint as the potential mutation points; (c) choose a point from the found
potential mutation points randomly as the official mutation points; (d) based on the
calculated results by Floyd algorithm, find two shortest paths between the starting
point and the mutation point, the mutation point and the destination point, respectively;
(e) check if the two new sub paths have a common waypoint (the purpose of the check
is to avoid a possible dead-loop problem): if no, merge them as the new child

chromosome to replace the parent one; if yes, reselect an official mutation point.

A case of using the new mutation operation for a supposed map (see Fig. 7.4) is

demonstrated in Fig. 7.5.
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Figure 7.4: A topology graph with nine waypoints

Suppose a chromosome as Based on Fig.9, find all the

(1,2,3,4,5) in Fig.9 waypoints connected to the Point 3
to build a potential Mutation Set
i (MS) as: (6,8)
v

Select a point in the upper

. Select a point in the MS in random
chromosome randomly:

as the mutation position, suppose

SR DS (E the Point 6 is chosen
chosen
Repeat the Based on the calculated results by the Floyd
whole algorithm, find the shorest path from the starting
process Output Point 1 to the Point 6, from the Point 6 to the Output
y destination Point 5, respectively.
Sub Path 1: Sub Path 2:
(1,6) (6,7,5)

ompare whether the two sub pathes
have a common point except Point 6

Yes

No
v

Output a new mutation population
by merging the upper two shorest
paths as: (1,6,7,5)

v

e

Figure 7.5: An example of the mutation operation

7.3 Artificial Ant Colony Algorithm

AACA is a member in artificial swarm intelligence methods, which is initially
proposed by Marco Dorigo in 1992 in his doctoral thesis. It simulates the group
activities of ants in finding foods [151]. As shown in Fig. 7.6, a group of ants are
asked to find a food where is away to their nest. At the beginning (see Fig. 7.6.4), ants
will go and back between the nest and the food position normally. When there is an
obstacle suddenly showing on their path to the food (see Fig. 7.6.B), they will avoid
the obstacle by passing through the side paths randomly (see Fig. 7.6.C). But during
their avoiding movements, they will leave some smelling information (pheromone) on
their walking paths. The next ants will change their paths based on the previous ants’

pheromone, which show the distances of the avoiding paths. After a short time, all
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ants will find the shorter path to avoid the obstacle (see Fig. 7.6.D). The AACA is
original from this phenomenon. In this chapter, the AACA is adopted to find the
shortest paths for kinds of robot patrol transportation tasks.

A B
i L D ) Sy @y e
Food Nest Food |_| Nest
Ciae S o SN o0 Y L i S o Y (a3
??
C Lot D @y o~ @y
Food |_| Nest Food H Nest

LY
Figure 7.6: Working mechanism of AACA

In the AACA, the computational steps can be demonstrated in Fig 7.7, which includes
initialization of model parameters, establishment of solution space, update of ant

pheromone and determination of model termination.

Initialization of Establishment of
Start — , +«—NO
Model Parameters Solution Space
v

Update of Ant
Pheromone

YES
v

Output Results

End

Figure 7.7: Computational steps of the AACA

In the AACA, the key parameters include number of ants, pheromone concentration,
pheromone factor, heuristic function factor, pheromone quantity and number of

iterative steps. Here a series of equations are adopted to explain those parameters.

(0], 7

V)

- €
Pijk = Z [Tis (t)]GDL . (Equation 7.2)
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Equation 7.2 calculates the transfer probability P; for an ant K between the position i

and the position j. In the Equation 7.2, 7,(¢) is the pheromone concentration at time

¢ between the position i and the position j, 7,(¢) is the heuristic function at time ¢

between the position i and the position j, a is the pheromone factor, £ is the heuristic
function factor and A is the allowed assemble which records all no passed positions.
In the AACA, this step of selecting the next passing position for an ant is one of the
most important computational steps, because it guides the ants to choose the shortest
paths. The positions with more pheromone concentration will have higher probability
to be selected by ants.

On the other hand, to avoid the phenomenon of algorithm premature convergence, the
AACA updates the pheromone in every iterative step. It will add the new pheromone
and also volatilize the existent pheromone by using the following equations:

r(t+)=(1-p) 7, () + AT,

k

, 0<p<l (Equation 7.3)

n
i _ k
A%—EA%

k=1

Where A Tf is the added concentrate between the position i and the position j by the

1

ant k in an iterative process, Az, is the total added pheromone concentrate caused

by all working ants between the position i and the position j in an iterative process,
and p is the pheromone volatilization factor.

For calculating the A r’,‘ , three different equations are presented as:

)

Az, == (Equation 7.4)

Where Q is an ant’s whole pheromone quantity in an iterative step, and L, is the

whole distance including all passed positions by an ant in an iterative step.

Y
A% =D,

i

(Equation 7.5)

Where Q is an ant’s whole pheromone quantity in an iterative step, and D, is the

distance between two adjacent positions by an ant in an iterative step.
A T; =0 (Equation 7.6)

Where Q is an ant’s whole pheromone quantity in an iterative step.
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Based on the different computational equations to update the new pheromone, three
computational systems of the AACA are defined: ant cycle system, ant quantity

system and ant density system. In this study, the ant quantity system is used.
7.4 Comparison of GA and AACA

An algorithm experiment is provided to compare the performance of the GA and the
AACA in this study. In this experiment, a group of 100 positions is adopted as the
testing data. The GA and the AACA are asked to find the shortest path based on those
100 positions, respectively. This experiment can simulate that a mobile robot is

controlled to patrol a series of 100 interested positions in laboratories.

The experimental results of the GA are given in Figures 7.8, 7.9 and 7.10. Fig. 7.8
displays the result without the GA computation. Fig. 7.9 shows the results with the
GA computation. As given in Fig. 7.10, the GA needs around 1200 iterative steps to

get the final optimization.
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Figure 7.8: The random planning result without GA computation
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Figure 7.9: The planning result with GA computation
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Figure 7.10: The iterative process of the GA computation

The experimental results of the AACA are given in Figures 7.11 and 7.12. Finally a
path with a length of 8190m is selected as shown in Fig. 7.11. As shown in Fig. 7.12,
in the AACA searching process only after 55 iterative steps an ant finds a satisfactory
path, after 150 steps all ants also find this path. The parameters of the AACA used in

the comparison are listed in Table 7.1.

Table 7.1: Algorithm parameters of AACA training

Parameter Value
Number of Ants 50
Pheromone Factor 10
Heuristic Function Factor 100
Pheromone Quantity 0.5
Pheromone Volatilization Factor 0.4
Number of Iterative Steps 0.95
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Figure 7.11: The planning result with AACA computation
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Figure 7.12: The iterative process of the AACA computation

Comparing Fig. 7.9 and Fig. 7.12, it can be found that the performance of the ACCA
is much better than that of the GA. The GA uses 1200 steps to find a path with a
length of 8497m, but the AACA only costs around 55 steps to get a path with a length
of 8190m. In our opinions, the reason to the results can be explained as follows:
although the GA has the possibility to find a global result if it runs rightly, it is still
easy to drop into a local optimized area because it does not have feedback signals
from its GA operating process. All of the GA operations are executed using the
random principle. As for the AACA, although it also adopts the random principle in
the computational process, but at the same time it utilizes the signal feedback rule. For
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example, although at the beginning of the iterations all of ants are distributed
randomly in every position, every ant will leave the pheromone information on their

paths to guide the latter coming ants. This is one kind of positive feedback.
7.5 Discussions

In the chapter two intelligent algorithms (the GA and the AACA) are adopted to do
the patrol path planning for the mobile robot transportation in this study. A
performance comparison between the GA and the AACA is provided based on the
same experimental position data. The comparing results show that: (a) both of the GA
and the AACA are effective in the path planning with huge numbers of data; and (b)
due to the AACA has the capacity to receive the feedback information from the

algorithm iterations, its performance is better than that of the GA.
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Chapter 8 Multi-Robot Charging Management

8.1 Introduction

In laboratory mobile robot transportation, an important issue named charging
management has to be considered. When the mobile robots are asked to do
long-distance transportation, they definitely need to carry rechargeable batteries.
When a big number of mobile robots are working together, their effective re-charging
management becomes complicated. In our opinions, to solve this technical issue, three
aspects are essential: (a) a system (or module) to measure power voltages from all
working mobile robots. This module will control the mobile robots to go charging
automatically if their batteries are exhausted soon. This module can be integrated with
other measurement modules in the Server/Client centers (e.g., motion module, arm
module and indoor localization); (b) a fully automated charging station is desired.
This station should at least have the functions of auto-docking and auto-recharging.
When a mobile robot reaches an expected position where the charging station is
installed, it can do re-charging automatically. On the other hand, when a mobile robot
finishes charging, it also can leave the station automatically; and (c) there is an
optimized question: how to configure the charging stations most scientifically so

mobile robots can work in laboratories most effectively.

In this chapter the methods to solve the upper three issues are presented, which are
organized as follows: Section 8.2 proposes a power measurement system for the
laboratory mobile robot based transportation; Section 8.3 discusses a fully-automated
charging station for laboratory environments; and Section 8.4 studies an intelligent
method named Artificial Immune Algorithm (AIA) for the optimization of station

installing positions.
8.2 Power Measurement System

This power measurement system is a part of the whole transportation control system.
Since the transportation system adopts the Client/Server system architecture, the
power measurement system is designed to be embedded in both of the RRC and the
RBC as shown in Fig. 8.1. The real-time power voltages of all working H20 mobile
robots will be measured by their RBC sides and sent to the RRC side. Since the RBCs
are installed in the robot on-board laptops, besides the power voltages of the robot
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batteries, the power percentage of the robot laptops are also measured. One of the
power management GUIs in the RBCs is demonstrated in Fig. 8.2.

Robot Batteries
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— |
Robot#1 | Robot Board |
(TCP/IP API) 7 Center-RBC l
|

|
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Board PCs’
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Robot Batteries
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I
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Figure 8.1: Architecture of robot charging management
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Figure 8.2: GUI of charging control in the RBC
8.3 Automated Charging Station

One kind of automated charging stations from Canada DrRobot company is utilized in
the study (see Fig.8.3 and Fig.8.4). Once the mobile robots touch the plugs of those
stations, they will go re-charging automatically.

[ Power LED Cooling Fan
b GEEET
Adjustable B H
slot
f -
Charger Docking
® (0] C Adjustment Screw
(a3 * N o
& ® L4Oomm
(17.32in)
{| 1
LI

Figure 8.3: Automated charging station [41]
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Figure 8.4: Charging station installed at Celisca, Germany
8.4 Optimization of Charging Station Installation

8.4.1 Artificial Inmune Algorithm

In the study the AIA is presented to optimize the installation of the adopted
fully-automated charging stations in laboratories, as demonstrated in Fig.8.5. The
installing positions of the charging stations will be determined by two parameters: (a)
the distances between all expected transportation positions and the charging stations.
It means the charging stations should be installed in the area where more working
positions are included; and (b) the task distribution of all transportation positions. It
considers the charging stations should be closer to those positions where the mobile

robots will pass through most frequently.

INPUT 1:
Transportation Positions A'A OUTE’l.JTZ
|:> . |:> Best positions of
INPUT 2: Computation charging stations
Task Distribution

Figure 8.5: AIA optimization

8.4.2 Standard Computational Process

The standard computational steps of the AIA are demonstrated in Fig.8.6, which
includes five steps: antigen identification, generation of initial antibodies, fitness
estimation, selection of memory cells and AIA operations (selection, crossover and
mutation). As shown in Fig.8.6, the working mechanism of the AIA is similar to that
of the Genetic Algorithm (GA). Both of them run an iterative computational process
including the operations of selection, crossover and mutation to find the best global
optimized results. However, there is also an obvious difference between them. The

AIA has a key step named selection of memory cells beside the standard selection
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operation together with crossover and mutation. In the AIA iterative step, the best
antibodies will be selected as memory cells without AIA operations, and they will be
included in the next new generations. This step is important in an AIA process,
because it will avoid a negative phenomenon called premature convergence in the GA.
At the same time to guarantee the diversity of searching populations, the AIA also

employs the operations of selection, crossover and mutation, which the GA has.

e

v

Antigen Identification

(Build Fitness Equation)
Input 1:
(1) Transportation Positions; <
(2) Number of Charging Stations; y

Initial Generation of Antibodies
v Selectionof |
Calcuation of Fitness of A
Antibodies A
Input 2:
Distributed Tasks of Every
Position 4

Satisfy Termination?

Output:
Positions of
Charging Stations

AIA Operations: Selection,
Crossover & Mutation

v

New Generation of Antibodies

*

Figure 8.6: Standard AIA computational process

The equation of the fitness Av of an antibody V is adopted as:

A4, :ZZZXDU (Equation 8.1)

ieN jeM

Where N is the number of inputting positions, M is the number of charging station
positions, 7; is the number of distributed tasks of the position 7, and Dj; is the distance

between the position i and the position j.
8.4.3 Improved Computational Steps

In this Chapter two new steps are added in the AIA computation to improve the

performance of the standard AIA method as shown in Fig. 8.7.
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v
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Figure 8.7: New AIA computational process
(a) New estimation index considering both of fitness and similarity

The first one is to present a new estimation index to replace the single fitness index to
select the best antibodies for the AIA operations. This new weighted parameter not
only considers the fitness of an antibody in a generation but also focus on the
similarity of the antibody in the generation.

C
P=ax fA +(1—-a)x Z—VC (Equation 8.2)

Where 4, is the fitness index of an antibody V, C, is the similarity index of the
antibody V, and a is the scale factor which balances the fitness and the similarity for

AIA operations.
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(b) Elitist strategy for AIA operation

From Equation 8.2 it can be found that in this study the best antibodies will be
selected by estimating both of their fitness and similarity. The general idea of the new
estimation index is to promote those antibodies with high fitness and restrain those
antibodies with high similarity in a generation. However, in some cases those
antibodies with high fitness are also possible to have high similarity, which could be
abandoned in the next iteration. To avoid this kind of mistakes, an elitist strategy is
provided in the selection step of the AIA operations. It means those antibodies with

obviously excellent fitness can be kept before the selection.
8.4.4 Results and Analysis

To demonstrate the effective performance of the proposed AIA method, an experiment
is provided. A group of position data (see Fig.8.8) and task distribution data (see
Fig.8.9) are loaded into the AIA model. The results are given in Figures 8.10 and 8.11.

The model parameters in this experiment are demonstrated in Table 8.1.

Fosition Coordinate: 2x31 double =
Columns 1 through &
1304 3639 4177 3712 3488 3328 3238 4196
2312 1315 2244 13939 1535 15586 1223 1044
Columns 9 through 16
4312 4388 3007 2562 2788 2381 1332 3715
T390 570 1970 1756 1491 1676 8395 1678
Columns 17 through 24
3918 4061 3780 3676 4029 4263 3429 3507
2173 2370 2212 2578 2838 2931 1908 2376
Columns 25 through 31
3394 3439 2935 3140 2545 2778 2370
2643 3201 3240 3550 2357 2828 2975
Figure 8.8: Experimental position inputs
Task Distribution: 1x31 double =
Columns 1 through 17
20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Columns 18 through 31
20 20 20 20 20 20 20 20 20 20 20 20 20 20

Figure 8.9: Experimental task distribution inputs
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Table 8.1: Algorithm parameters of AIA training

Parameter Value
Size of Population 50
Size of Memory Cells 10
Number of Iterative Steps 100
Probability of Crossover 0.5
Probability of Mutation 0.4
Probability of Similarity 0.95

Number of Charging Stations 3

From Fig. 8.10 and Fig. 8.11, it can be seen that only after six iterative steps an
optimized result has been found.
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Figure 8.10: Iterative steps in Case One
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Figure 8.11: Calculated results in Case One
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Another group of testing task data with different distributed is reloaded into the same
AIA model as displayed in Fig. 8.12. The results are given in Figures 8.13 and 8.14.
From Fig. 8.13, it can be seen that an optimized result has been found after seven
iterative steps. As shown in Figures 8.12 and 8.14, the distributed tasks of a position
(X: 1332, Y: 695) are changed purposely from 20 to 10000 to check the difference
AIA result. From Fig. 8.14, it can be found that the best installing positions are totally
changed which are moved closer to the redefined position (X: 1332, Y: 695).

Task Distribution: 1x31 double =
Columns 1 through 8
20 20 20 20 20 20 20 20
Column= 9 through 16
20 20 20 20 20 20 10000 20
Columns 17 through 24
20 20 20 20 20 20 20 20

Columns 25 through 31

20 20 20 20 20 20 20

Figure 8.12: Experimental task distribution inputs
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Figure 8.13: Iterative steps in Case Two
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Figure 8.14: Calculated results in Case Two

8.1 Discussions

In this chapter a new method to study the issue of multi-robot charging management
in laboratory environments is presented. This method consists of a developed robot
power measurement & control component, a fully automated charging station and an
ACA-based optimized algorithm. The measurement & control power component is
executed in both of the RRC and the RBCs of the whole transportation system, a
series of automated charging stations is also been installed in our laboratories, which
installing positions are selected by the proposed ACA-based computational algorithm.
It is good to say here that there are two improvements proposed in the ACA as follows:
(a) a new estimation index considering both of the fitness and the similarity of an
antibody is presented to execute the selection operation; and (b) an elitist strategy is

provided to generate a new group of antibodies.
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Chapter 9 Software Development

9.1 Development Environments

As mentioned in Chapterl, there are three control centers for the transportation
system: RBC, RRC and RAC. All of them are developed based on Microsoft C#
language. The C# is a new programming language designed for developing a wide
range of enterprise applications running on .NET framework. Compared to the
previous developing languages created by Microsoft company, the C# is faster, safer
and more object oriented. A developing platform named Microsoft Visual Studio is

adopted in this study to do the C# programming for the transportation system.
9.2 Software Architecture

The architecture of the developed centers is demonstrated in Fig. 9.1. From Fig. 9.1, it
can be seen that: (a) there are five control modules in the RRC, eight control modules
in the RBC and three control modules in the RAC; (b) Comparatively, the RBC and
the RAC are both a hardware control level and the RRC is a software control level.
All hardware modules (i.e., kinds of sensors, cameras and servo components) inside
the H20 mobile robots are directly connected to their relevant RBCs, all joint motors
of the H20 robot arms are also directly controlled by their corresponding RACs, while
all robot higher control functions are controlled by the RRC; (c) the RRC
communicates with the other higher systems (e.g. PMS) to let the mobile robot based
transportation system be integrated in the whole automated process of laboratory
environments; (d) the RBCs will execute the distributed transportation tasks from the
RRC by driving the right H20 mobile robots. When the RBCs find the robots reach
the starting and destination positions of the transportation, they will activate the
corresponding RACs to execute the arm moving activities; (e) all of important flow
data (including the robot key data and the transportation status) are stored in a My
SQL based remote database.

The workflow of the developed system (software) is demonstrated in Fig. 9.2, which
can be explained as follows: (a) Configure a path with a series of waypoints for every
mobile robot by using the RBC. Those paths record all the expected positions in
laboratories for all available robots; (b) Start the RRC to connect all mobile robots’

RRCs to establish TCP/IP communication channels. Once the connections between
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the RRC and the RBCs are available, all of the robot hardware data and the prepared
maps will be sent to the RRC from every RBC automatically; (c) Once the RRC
receives all required data, it will do the path planning calculation for every robot
based on its built waypoint maps; (d) At the same time the RRC will listen for any
task from the PMS. Once the RRC receives a transportation task from the PMS, it will
choose the best mobile robot by checking their real-time indoor positions and powers
then give it the best path (the shortest path) to finish the transportation task. The
criterions of selecting robots in the RRC include two kinds: the distance and the
power; (¢) When any running RBC receives a distributed path with a series of
waypoint numbers, it will control the corresponding mobile robot’s motion module to
move; and (f) When a mobile robot reaches an expected position controlled by the
selected RBC, the RBC will send a command to the arm control module inside the
robot to catch up or put down an experimental facility based on a XML-based control
file. Currently, the XML-based control files are generated by using a training arm
from Canada DrRobot company without the complex computation of robot arm
kinematics. In the future, for some high-precision required arm manipulation in the
laboratory transportation, the functions (components) of arm kinematic calculation

and image processing based identification will be included.

Other Automation and Measurement Systems in Life
Science Laboratory (e.g. PMS)

--------------- ﬁ -{/I,-- TCP/IP —mmmm—————-

Robot Remote Center (RRC) —
Multi-Robot Multi-Robot Multi-Robot Multi-Robot | Emergency
Localization | PathPlanning | ChargeControl | ArmHandling | Monitor
I—I Robot
______________ ﬁ_v__ s TCP/IP |m = = = = - saL
DB
Robot Boarding Center (RBC) —>
Arm & Head
Sensors Acquisition Motion Control Localization rm & nea
Control
Power Control Collision Avoidance Door Access Kinect

-------------- %-@-- TP/IP |mm e e = -

Robot Arm Center (RAC)

ArmJoint Control Arm Kinematics Image Processing

Figure 9.1: Software structure
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°°"“‘“a"d [ ] - The workflow of the PMS
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Finish a task

Figure 9.2: Software workflow

9.2.1 Robot On-board Center (RBC)

The RBC controls all hardware modules inside the mobile robots. As described in
Chapter 2, the RBCs listen for commands from the RRC and drive the corresponding
mobile robots to execute the received commands. The hardware modules in the RBC
include indoor localization, motion control, head & arm, monitoring cameras, obstacle

measurement sensors, etc. The tasks of the RBCs can be concluded as follows:

» Communication: In the RBC level an internal network will be built for the
data acquisition between robotic on-board PCs and inside hardware modules.

» Acquisition: The RBC will measure the data of the robot hardware, including
robot indoor positions, current powers, real-time images, ultrasonic data, etc.

» Control: Once a RBC receives a transportation command and a selected
transportation path, it will control the corresponding mobile robot to execute

them. Additional the RBC also needs to open the doors in laboratories.

As given in Section 2.1, in this study the H20 mobile robots are adopted to
demonstrate the performance of this transportation application. In the programming
process to develop the RBCs for the H20 robots, there are several supporting
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components and libraries from the DrRobot company and robot hardware producers

which have been used in the software development of the RBCs as follows:

» VitaminControl.dll: This is the control component for the main camera in
the H20 robots. It will be used to realize the camera operations (i.e., connect,
read, save, etc).

» AXIS Media Control Library Set: This is the control component for the eye
and arm cameras in the H20 robots. The functions are similar to those of the
Vitamin cameras.

> DRROBOTSentinel CONTROL.OCX: This is the control component for
the hardware sensors (including motors, ultrasonic sensors, infra radio sensors

and head & arm servo sensors) which are integrated in the H20 robots.

9.2.1.1 Communication

In a RBC, the issue of communication includes two classifications: one is to use the
TCP/IP socket to build a data channel between the RRC and the RBC, the other one is
to measure the robot inside hardware data for the RBCs. There are three TCP/IP
sockets in every RBC as shown in Fig. 9.3. Our designed methods for those three
sockets are given in Fig. 9.4. Among the three sockets, the robot and path sockets
work as a socket server and the arm socket serves as a socket client. The relationship

among those three communication sockets is demonstrated in Fig. 9.5.
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Figure 9.3: Architecture of TCP/IP sockets in the RRC
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% RobotBoardPathSocket
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% ShutDown
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& tmrpathMoenitor_Elapsed
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Figure 9.4:

inside hardware modules is given in Fig. 9.6. From Fig. 9.6, it can be found that
besides some necessary COM (Component Object Model) transmission among the
low hardware (e.g. motor controllers) all other communication is based on the TCP/IP
protocol. This kind of architecture will be convenient to add a new component (e.g.,

adding a Microsoft Kinect sensor for the obstacle measurement).

| DrRobotServerSocket
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= Methods

CloseConnection
DrRobotServerSocket
GetState
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OnAccept
OnDataReceived
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L bbb bd
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CloseArmSocket
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Designed methods for socket communication classes in the RBC
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Figure 9.5: Workflow of sockets in the RBC
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Figure 9.6: Architecture of robot hardware communication in the RRC

9.2.1.2 Data Acquisition

As shown in Fig. 9.6, a series of robot hardware data are measured by the RBC. Those
data include hardware control commands and sensing data. The former one is mainly
for the controls of motion modules (see Fig. 9.7). The latter one is for the real-time

samplings of kinds of sensors (see Fig. 9.8).

private void motionControl MotorSensorEvent (cbject sender, EventRrgs e)
{

f/here

H

eset motion control watchdog count

leftMotor.encoderPos = motionControl.GetEncoderPulsel ()

leftMotor.encoderSpeed = [(motionControl.GetEncoderSpeedl()):
leftMotor.current = 0;
leftMotor.pwmValue = Math.Abs (motionControl.GetMotorPWHMValuel () - 16384):;

rightMotor.encoderPos = motionControl.GetEncoderPulsel () ;

rightMotor.encoderSpeed = (motionControl.GetEncoderSpeed2 () )
rightMotor.current = 0;
rightMotor.pwmValue = Math.bs (motionControl . .GetMotorPWMValue? () - 16384);

Figure 9.7: Acquisition function of motion modules

private vold motionControl StandardSensorEvent (object sender, Eventirgs e)

{
sensorData.UsDis[0] = (double)motionControl.GetSensorSonarl()/100;
zensorData.UsDis[1l] = (double)motionControl.GetSensorSonar () /100;
sensorData.UsDis[2] = (double)motionControl.GetSensorSonard()/100;
zensorData.UsDi=s[3] = (double)motionControl.GetSensorSonard() / 100;
szensorData.UsDi=s[4] = (doukle)motionControl.GetSensorSonarsS() / 100;
sensorData.UsDis[5] = (doukle)motionControl.GetSensorSonaré() / 100;

Figure 9.8: Acquisition function of ultrasonic sensors
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9.2.1.3 Motion Control

In the H20 mobile robots, there are four options to control robot inside motors, the
Pulse Width Modulation (PWM) control, the velocity control, the distance control and
the rotate control. In this study all of them are used in the RBC development. Actually

they work together with the classes of robot indoor positioning (localization). Here

the function API of the motion distance control is shown in Table 9.1.

Table 9.1 Function API of motion distance control

Function:

Description:
This function sends the position (distance) commands to all 6 DC motor control channels on
the sensing and motion controller (PMS 5005) at the same time. The commands includes the
target positions and the time period to execute the command. The current trajectory planning
method for time control is linear.

Parameters:
short cmd1:
short cmd2:
short cmd3:
short cmd4:
short cmd5:
short cmd6:
short timePeriod: executing time in milliseconds

Target position for motor channel#1
Target position for motor channel#2
Target position for motor channel#3
Target position for motor channel#4
Target position for motor channel#5
Target position for motor channel#6

Return value: void

Void DcMotorPositionTimeCtrALL(short cmd1, short cmd2, short cmd3, short cmd4, short
cmd5, short cmd6, short timePeriod)

9.2.1.4 Power Control

(1) Robot batteries

In Chapter 8, the topic of the transportation charging management has already been
explained. Here the APIs of the robot charging control will be focuses. In every H20
mobile robot, there are two groups of on-board batteries. As shown in Fig. 9.9, there
are two APIs in the power class of the RBC for the robot charging control, which

includes the one for battery voltage control and the one for battery temperature

measurement.

Robot Batteries <«

> Voltage Control APIs

» Temperature Measurement APIs

h

Power Class in
RBC

Figure 9.9: Architecture of robot charging measurement
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(2) Robot PCs

The RBCs are expected to run in the robot on-board laptops. So besides the robot
battery status, the batteries of the PCs are also need to be measured (see Fig. 9.10). As

described in Chapter 8, the power status of the PCs is included in the management of

the robot charging.
private void tmrPCBatteryCheck Tick(object sender, Eventhrgs e)
{
pcBatteryStatus = SystenInformation.PowerStatus:

pcBatteryPercent = peBatteryStatus.BatteryLifePercent:

1klBatteryPercet.Text = (pcBatteryPercent * 100) .ToString() + "i";

Figure 9.10: Acquisition function of laptop batteries

9.2.1.5 Developed GUIs of RBC

The GUIs of the RBC are mainly comprised of an IP configuration GUI, a sensor
monitoring GUI, a waypoint definition GUI, a waypoint edition GUI and a socket
monitoring GUI.

The GUI of the IP configuration is given in Fig. 9.11. As explained in Chapter 2, in
this application all H20 mobile robots and their hardware components have an
independent IP address. This GUI is designed to build the connection between the
robot on-board PCs and the robot inside hardware modules. As shown in Fig. 9.11, the
RBC of a mobile robot named “l1A” is being activated. Once the ID (name) of a
mobile robot or the IP addresses of its inside two routers are changed, this GUI will

save the new configuration into a XML recoding file automatically (see Fig. 9.12).

IP Cenfiguration
Robot ID: 1A
WiFi Module-l IP: 192.163.0.?5{
WiFi Module-Il IP: 192.162.0.74
Main Camera IP: 192.162.0.79
Main Camera User.  rgot

Main Camera PWD:  seseses

i
celisca e

Figure 9.11: IP configuration GUI
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<?xml version="1.0" standalone="yes"7?>
<RobotConfig xmlns="http: tempuri.org/RobotConfig. xad™>
<RobotConfigTable>
<RobotID>DrRobot</RobotID>
<RobotIP>192.168.0.75</RobotIP>
<Portl>10001</Portl>
<Port2»10002</Port2>
<GPSIP>192.168.0.74</GESIP>
<GP3Port>»>10002</GPFSPort>
<CameralP>192.168.0.79</CameralP>
<CameraPort>8081</CameraPort>
<CameraPWD>drrobot</CameraPWD>
<CameraUser>root</Cameralser>
</RobotConfigTable>
</RobotConfig>

Figure 9.12: XML for IP configuration

The GUI of the robot sensor monitoring is shown in Fig. 9.13. From Fig. 9.13, it can
be seen that all robot inside hardware modules are being measured and displayed in
this GUI. Those displaying data include: (a) real-time camera images; (b) ultrasonic
and infra radio sensors; (c) power status (including robot on-board batteries and PCs);
(d) indoor localization (including X, Y and direction); and (e) motor sensors
(including encoder position, speed and PWM value). Actually in a real transportation
task those RBCs work in a fully-automation way without any external operations.

This GUI is only designed for the users to monitor the robot current performance.

L

———— —— e - =

% Robot Board Control Center-Celisca

Sensors Monitar & Power Control | Mation Control & Colision Avoidance | GPS & Server Connection | Arm Cantrol | Head Control

Camera Power Status
Voltage Temperature  Status PC Battery
Camera IP: 192.168.0.79

Battery-: Il [ crerorng | [5300000071 |
308
Camera Port: | 2081 Battery It Bl [ creong | DetectTH: 20
Camera ID:  root DCIN: 1643 PC Battery
Password: Power Path Control

Connecting [] PowerByBattery- [] PowerByBatiery-l ] PowerByDCIN
Camera Control Charge Path Control

Charge Timer: 4

Charge Current Control

\ ] @ Full Current ) Half Current () 1A Current () Trickle Current
Board Power: | 477V Power Switch Control

Y& mweg 'ty B Motor Power: ChanneH Channekl ChanneHl

Utrasonic Sensor Human Sensor @®on QoF| @®ON @O | [@oN © o
Motion _ Alarm

# 255m # 2.55m #]  25m e oss T o7 Sensorilap

# [ 25Em # 0.68m # |  2%m Right,| 1883 | 1885
R Sensor Extended 10

#1 [ 08tm  #2[ 08Im  #3] 05im  #4| 08Im  #5 | 08Im Input: | 254

#5 [ 08Im  #7] 08Im  #8 05im  #9| 0.8im  #10] 0.EIm Output: 1 et
Motor Sensor

Encoder Posion  Encoder Speed PYYM Value HeatProtect  StuckState

LeftMotor [ 319 0 False False

Rightotor | 422 0 False False

Enable Motor Protection [ System Log

Position Information

Robot Postion: Indoor GRS: Il
[ (-3.49, -3.06, 8431} | [ (-3.49,-3.08,8431) |

celisca

Enable GPS Sensor www.celisca.de

Figure 9.13: Sensor monitoring GUI

The GUI of the robot waypoint definition is shown in Fig. 9.14. From Fig. 9.14, it can
be found that: (a) a real transportation path is organized using a series of waypoints.
In the current GUI, there are five expected waypoints identified for a transportation
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map. In every waypoint, all necessary parameters to execute a transportation task are
defined in advance, including the moving velocities between every two positions, the
suspending time of every waypoint, the moving mode (forward or backward) between
every two positions, etc. It means the RRC only needs to tell a RBC which numbers
of waypoints should be executed but it is unnecessary to send it the detailed control
parameters. For the RBC side, once it receives a sequence of waypoint numbers, it
will know the control parameters of all waypoints by reading the related defined file;
(b) there is a programmed 2D map in the GUI for monitoring the real-time

movements of the selected robots.

% Robot Board Control Center-Calisca — - o]

Sensors Monitor & Power Control | Motion Control & Collision Avoidance | GPS & Server Connection | Arm Control | Head Control
P2P Pointium: [0 F2F Status: |0 F2P Control Left Wheel Cmd: [0 Right Wheel Cmd: [0 P2P Cmd Time: [0

TargefX  Targety  TargetDir StopTime ForwardS Forgetable MonStop FinaPostu TargefTime TargefTole WaxTumS CAEnable ReverseDi TargetDiT Seqho “
3 m 07 882 0 0.3 200 0.1 a0 5 1 E

-0.18 -3.07 86.02 0 03 200 01 90 5 2

36 -3.07 17676 [0 0.3 200 0.1 50 5 3 il
« m 5
CADrRobotAppFile\FathFiceiscawayp | Open PatnFie | | Go | [ stop ][ edtiada | N —— zoom |+ E]

| Autoratral | | GoCharge
P2P Task Type: ‘Wandering Speed: 7r Map X0 4585
PP Task - 5 Mouse Point To Move Detectvot 122 I MapY0: 222

Figure 9.14: Waypoint definition GUI

The GUI of the robot waypoint edition is shown in Fig. 9.15. As shown in Fig. 9.15, a
waypoint can be added, deleted and edited based on the real-time localization data
from the robot on-board StarGazer module. The users do not have to input the
position information manually, they only need to move the robots to those potential
waypoint positions and operate this GUI, then all information will be recorded into a
XML file automatically as shown in Fig. 9.16. As demonstrated in Fig. 9.16, actually
not only the parameters of the robot localization but also the parameters of the motion
control are written into this configuration file automatically. As explained in Section
9.2, the localization data will be used for the RRC to do path planning computation

and the motion data will be utilized to execute a P2P movement.
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+ Path Editor (2]
Path Mation
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Figure 9.15: Waypoint edition GUI

<PointConfigTable>
<TargetX>-0.16</TargetX>
<Target¥»0.T7<,/Targety¥>
<TargetDir>88.2</TargetDir>
<StopTime>0</StopTime>
<ForwardSpeed>0.3</ForwardSpeed>
<Forgetable>false</Forgetable>
<NonStop>false</NonStop>
<FinalPosture>false</FinalPosture
<TargetTime>200</TargetTime>
<TargetTolerance>0.l</TargetTolerance>
<MaxTurnSpeed>90</MaxTurnSpeed>
<ChEnaklexfalse«</CAEnakble>
<ReverseDrive>false</ReverseDrive>
<TargetDirTolerance»5</TargetDirTolerance>
<SegNo>1</Segio>

</PointConfigTable>

Figure 9.16: XML for waypoint definition

The GUIs of the TCP/IP communication sockets in the RRC and the RBC are given in
Figures 9.17 and 9.18, respectively. From Figures 9.17 and 9.18, we can see that: (a)
the socket in the RRC side services as a TCP client and the one in the RBC side works
as a TCP server. As shown in those two GUIs, they recognize and connect each other
rightly; (b) the connected IP address and ports in both sides are detected and shown in
this GUI. This function is useful for the users to know the network status of the
system; and (c) after the path planning computation made by the RRC, the selected
transportation path and its whole distance will be received and displayed in the RBC

of a chosen mobile robot.
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Robot Shortest Path Calculation

Status: 152.168.0.102: Planning Successfully

Chosen  The shortest distance of Robot 3C -
Path: 2,18m; The shorest path: 1-=2->3-»4->6

Figure 9.17: Socket monitoring GUI in the RRC to receive the robot sensor data and send the

selected transportation path

Server Log: The robot port is connected by a remote server

The path port i=s connected by a remote server

Remote Server IP: | 192.168.0.102:52250 || 192.168.0.102:52251

Remote Command: | GOTRANSPORTATION

The shortest distance.&, 18m; The shortest path: 1-
»2-53-54-6

Figure 9.18: Socket monitoring GUI in the RBC to send the robot sensor data and receive the

given transportation path

The GUIs of the TCP/IP communication sockets in the RBC and the RAC are given in
Figures 9.19 and 9.20, respectively. From Figures 9.19 and 9.20, we can see that: (a)
those two sockets recognize and connect each other rightly; (b) the connected IP
address and ports are also detected and shown in this GUI; and (c) the function of arm
control can be activated or closed by the RRC automatically or by the users manually.

ARM Connection

Server Log: | 192.182.7.138:Connected | [ Connect ] [ Disconnect ]

[] ActvateArm | Catch | | PutDown |

Figure 9.19: Socket monitoring GUI in the RRC to send the chosen arm control commands

Server Control

[ Stop Server ] ‘ Remote Control Service is in use... ‘
Remote P: |  152.1687.139:51278 |

Received Command: ‘ MOWEUP |

Figure 9.20: Socket monitoring GUI in the RAC to receive the given arm control commands

=77 -



Doctoral Dissertation Software Development

9.2.2 Robot Arm Component (RAC)

The RAC is a component of the RBC to manage the robot arm control. The functions

of the RAC can be presented as follows:

Communication: There is a TCP/IP communication socket between the RBC
and the RAC, which will be utilized to transfer kinds of arm control
commands to the robot arm servo hardware. When the RBC controls the
corresponding mobile robot arriving at the expected positions (including the
starting position and the destination position) rightly, the RBC will send a
command to its related RAC to drive a corresponding arm movement. Once
the RAC finishes a given arm command, it will notice the RBC to move to the
next position.

Mapping: To avoid transmitting the huge data between the RBC and the
corresponding RAC, a mapping method is adopted in the RAC. The working
steps of this mapping method for the arm control are explained as follows: (a)
using the training arm to generate a XML-based control file which records all
joint values of a movement. This training way can avoid calculating the
complicated kinematic equations of the robot arms; (b) When a RBC wants to
drive an arm movement, it only needs to tell its connecting RAC the XML file
name of the expected arm movement and the kind of movements (catching up
or putting down); and (c) Once the RAC receives a arm file name, it will start
to search for it from the prepared library then move the robot arms using the

arm joint values in the searched file.

9.2.2.1 Communication

In a RAC there are two kinds of TCP/IP sockets, which are proposed to communicate

with the robot arm servo module and the RBC. The relationship between them is

demonstrated in Fig. 9.21.

“« ~TCPI/IP TCPIIP—\

RAC Component

ﬁ TCP/P @

RBC Software

Figure 9.21: Architecture of TCP/IP sockets in the RAC
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9.2.2.2 Arm Joint Mapping

The process of the arm joint mapping includes three steps: (a) generating a
XML-based control file for an expected arm movement; (b) selecting the control file
based on the received file name; and (c) loading the joint values of the selected
control file to the right motors of the robot arms. The GUI of the RAC is given in Fig.
9.22. Form Fig. 9.22, it can be seen that: (a) the GUI of the RAC is controlling the
arm hardware to execute a predefined movement based on the received commands
from the RBC; (b) all the real-time moving status is displayed in this GUI, including
the dynamic values of the arm joints, the connection between the RBC and the RAC
and the identified XML files. Additional based on this GUI, the users can pause or

cancel an arm movement manually any time if they want.

Robot Arm Controller Communication Motion Script Centrol

AmP. 182.168.7.181] FieName Time
Arm Port Num: 10001 Disconnect demot xml 6
Communication Status: Connected demo2xml s E
demo3 xml 12 ] Reverss
Server Control demos xml 1
StopServer | | Remote Control Service is in use. demo7 xml 8
demos1.xml 7
Remote P 192.166.7.139.51278 movedovnml 14 i
Received Command MOVEUP “ [ v

Manual Control

Right Arm Control Left Arm Control

"] 1825 Disable

1

0 1722 Disable
Disable
{J 1620 Disable

0w (el

o 1668 Disabl

a
B
H
£l (8 |8
5

Disable.

@

8] 1365 Disable

DisableAl Time: 100 ms

Figure 9.22: GUI of the RAC
9.2.3 Robot Remote Center (RRC)

The RRC does higher control of all utilized mobile robots. The ideas to design a RRC

are demonstrated as follows:

e Communication: The RRC will communicate with both of the PMS and the
RBCs. The TCP/IP protocol is adopted to realize this function. To the PMS,
the RRC is a TCP/IP Server which listens for possible PMS connections. To
the RBCs, the RRC is a TCP/IP Client which connects the RBCs actively if
necessary. The RRC can add any kinds of mobile robots into the existent
system after building a TCP/IP socket connection.

e Acquisition: The RRC will sample all necessary key robot parameters from
all running RBCs for the multi-robot remote control. The key robot parameters

include two kinds, the robot indoor positions and the robot power status. The

-79 -



Doctoral Dissertation Software Development

data format of those filtered data from the RBCs to the RRC is explained in
Appendix B.2.

e Mapping: In the future different kinds of mobile robots will be supplied to
execute the laboratory transportation. Those mobile robots could have various
working mechanism. For example, some of them do indoor localization by the
ceiling landmarks and others may use the computer vision to calculate their
indoor positions. So the RRC should map the PSM transportation commands
to the suitable commands, which could be recognized by this kind of mobile
robots.

e Path: To do effective transportation tasks, the path planning is crucial. When
an amount of mobile robots are running at the same time, their transportation
paths and cooperation should be prepared in advance in the RRC remote side.
As described in Chapters 6 and 7, in this study a hybrid path planning
framework based on the map theory and the artificial intelligence is proposed.
Besides that, in this chapter some practice planning strategies will also be

explained.

9.2.3.1 Communication

The TCP/IP protocol is adopted to do communication among the PMS, the RRC and
the RBCs. In the RRC, the architecture of the designed TCP/IP sockets in the RRC
side is demonstrated in Fig. 9.23. As shown in Fig. 9.23, it can be seen that the RRC
has three independent TCP/IP sockets for system communication, the PMS socket, the
path socket and the robot socket. Apparently, the PMS socket is used to communicate
with the higher PMS systems, the path socket is defined for transmitting the path
planning data between the RRC and the RBCs, and the robot socket is presented for
transmitting the robot data between the RRC and the RBCs. All of those sockets are
programmed by Microsoft C# language.

PMS Software

T 4

PMS TCP/IP
‘ﬁ RemoteControlSocketPms.cs Socket RRC Software

Path TCP/IP Robot TCP/IP
#] RemoteControlSocketPath.cs Socket Socket #] RemoteControlSocketRobot.cs

T 4

RBC Software

Figure 9.23: Architecture of TCP/IP sockets in the RRC

- 80 -



Doctoral Dissertation Software Development

The proposed methods in those three socket classes in the RRC are given in Fig. 9.24.

Taking the path socket for example, its workflow is demonstrated in Fig. 9.25.

» |

| RemoteControlSocketPms
_ i Class
| RemoteControlSocketPath % | .
Class * Fields | RemoteControlSocketRobot -

Class
. = Methods
+ Fields
% CloseConnection # Felds
—/iETEE § GetState =
% ClosePathSocket ¥ OnAccept Methods
% PathConnect % OnDataReceived % CloseRobotSocket
4% PathConnectCallback ¥ RemoteControlSocketPms ¥ Connect
4" PathReadCallback ¥ ReplyToPMS 4% ReadCallback
W RemoteControlSocketPath 9 SendOutData % RemoteControlSocketRobot
@ ReplyToRobotPath % ShutDown 2" RobotConnectCallback
4% tmrPathMonitor_Elapsed ®  Startlisten | ¥ trarRobotConnectMonitor_Elapsed |

tmrServerMoenitor_Elapsed
WaitForData

&%

Figure 9.24: Programmed methods for socket communication classes in the RRC

Start Path Socket

RemoteControlSocketPath.cs

y

PathConnect() PathConnectCallback() #  PathReadCallback() @—» ClosePathSocket()
TcpClient.BeginConnect() TcpClient.EndConnect() Neg:ar;:;;egm. ‘ End Path Socket ‘
NetworkStream.BeginRe | | ShowPathStatus()
ad()
7} ¢
SavePath()
CalculateShortestPath()

Figure 9.25: Workflow of the path socket in the RRC

9.2.3.2 Data Acquisition

In the RRC, it needs two kinds of data from the RBC side, the robot status data and
the defined waypoints. Their data formats are demonstrated in Tables 9.2 and 9.3,
respectively. As shown in Table 9.2, the robot status data are comprise of robot indoor
positions, robot battery voltages & status (Charging or Using), robot on-board
ultrasonic sensors and transportation executive status (P2P Going or P2P Stopping).

As described in Section 9.2, the RBC defines the transportation waypoints including
their positions and control parameters. But it is unnecessary to send all defined data of

the waypoints from the RBCs to the RRC, because only the position information will
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be utilized to do transportation path planning. So every RBC will extract the position

data and send them to the RRC (see Table 9.3).

Table 9.2 Data format of robot status measurement

public class RobotData

{

robotID = null;

robotStatus = null;
robotPositionX = "0";
robotPositionY = "0";
robotPositionDir = "0";
batteryOnevVol = "0";
batteryTwoVol = "0";

dcvol = "0";
robotBodyBasisSonar = "0";
robotBodyFrontSonar = "0";
robotBodyBackSonar = "0";
robotLeftHumanSensor = null;
robotRightHumanSensor = null;
batteryOneStatus = null;
batteryTwoStatus = null;
robotWaypoint = null;
robotP2PStatus = null;

public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public

string
string
string
string
string
string
string
string
string
string
string
string
string
string
string
string
string

Table 9.3 Data format of robot waypoint measurement

<PointConfigTable>
<TargetX>0.88</TargetX>
<TargetY>0.46</TargetY>
<TargetDir>-94.31</TargetDir>
<SegNo>1</SegNo>
</PointConfigTable>
<PointConfigTable>
<Targetx>1.1</TargetX>
<TargetY>1.71</TargetY>
<TargetDir>83.55</TargetDir>
<SegNo>2</SegNo>
</PointConfigTable>

Besides the real-time robot and the path data will be transmitted from the RBC to the
RRC, there are also a series of control commands between them for the transportation
organization. The control commands for the path planning are shown in Table 9.4.

Table 9.4 Format of path command

private class
{

public
public
public
public
public
public
public
public
public
}

static
static
static
static
static
static
static
static
static

PathRemoteCommand

string
string
string
string
string
string
string
string
string

MONITOR = "MONITOR";

AUTORUN = "AUTORUN";

GOCHARGE = "GOCHARGE";

STOPROBOT = "STOPROBOT";

CLOSECONNECT = "CLOSECONNECT";
PAUSEROBOT = "PAUSEROBOT";
CONTINUEROBOT = "CONTINUEROBOT";
PATHPOINTS = "PATHPOINTS";
GOTRANSPORTATION = "GOTRANSPORTATION";
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9.2.3.3 Path Planning Computation

The function of path planning is one of the most important works in the RRC
development. Once the RRC connects a new mobile robot’s RBC, it will send a
command (such as the command PATHPOINTS demonstrated in Table 9.4) to get all
defined waypoints from the RBC to do path planning. If the path planning for a
mobile robot is successful, the RRC will save the results (the shortest paths for any
two-waypoint) before receiving a new group of waypoints. The mobile robots with
successful path planning steps will be allowed to do transportation tasks if their
powers are also available. The detailed computational steps of the proposed hybrid
path planning have been given in Chapters 6 and 7. This section focuses on the

programmed workflow of the path planning.

The hybrid framework of the path planning can be organized in Fig. 9.26 as follows:
(a) When the RRC connects a RBC, it will send relevant path commands (see Table
9.4) to get all defined waypoints by the RBC; (b) The RRC will do path planning
computation for this RBC’s mobile robot. Before calculating, it will make a check
whether the number of waypoints is huge: if yes, the computational programming will
execute the artificial intelligence based path planning framework, otherwise the map
theory based one will be chosen; (c) the final results will be sent to the RBC from the

RRC; and (d) there is also a computational mode switch which is designed to change

The RRC connects all RBCs

'

Read all defined waypoints

v

Do path planning computation

T the number of waypoints
FN() '«'Es.j
Execute the artificial

Execute the map theory based 5 "
¥ <+ intelligence based path
path planning framewark planning framework

I |

the adopted methods if necessary.

¥ [ ] ¥ [] []
% e z Artificial Neural Artificial Ant
Floyd algorithm Dijkstra algorithm Genetic Algarithm Networks Colony Algarithm

Successfully? 0-+| Mode switch [4—NO @

Output the planning results in

fap————————YE 5

Figure 9.26: Framework of hybrid path planning
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The reasons of using this hybrid framework can be further explained as: (a) as written
in Chapter 6, the Floyd algorithm is expected to do off-line computation and the
Dijkstra algorithm is presented to do on-line computation when the Floyd provided
paths are not available. However, both of the Floyd and the Dijkstra algorithms are
belonged to the map theory, which is not effective to handle with the maps with huge
waypoints. In the huge cases, the map theory will cost considerable time to traverse
all points; and (b) However in this application sometimes we needs the robot
transportation tasks with huge waypoints in a short computational time. To let our
developed software cope with the possible huge cases effectively, here the artificial
intelligence based methods are supplied. The artificial intelligence based methods
always do optimized calculation by using iterative steps. They can output the
available computational results, which maybe are not the best. The detailed modeling

process of the adopted intelligent algorithms can be referred to Chapters 6 and 7.

A case of the Floyd path planning API programmed in the RRC is demonstrated in
Table. 9.5.

Table 9.5 Function API of Floyd path planning

Function:
public bool RobotFloydCalculation (string waypoints)

Description:
This function returns the computational status of the Floyd
shortest path planning for an expected serirs of waypointss.

Parameters:
The waypoints defined by the RBCs

Return value: bool
Return data interpretation:

If the return is true, it means the Floyd calculation for those

waypoints is successful and the results can be used for robot
transportation; Otherwise the Floyd calculation is falied.

9.2.3.4 PMS Command Mapping

In the RRC, there are lots of programming works on the robot status parsing. For
example, the parsing work to map the higher PMS transportation commands to the
sequence of robot executable waypoints, the parsing work to understand the
XML-based robot control commands between the RRC and the RBCs, etc. Here those

two representative parsing works are explained.

(1) Position matching

The RRC needs to match the received PMS commands into a series of pairs of origins

and destinations for all running mobile robots. The reasons of this work are given as:
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(a) all positions in the PMS commands are named using the real names of laboratories
and facilities (this way is easy for laboratory staff), but in the RRC all waypoints have
to be recorded in a series of real numbers because they will be used in the path
planning calculation; and (b) it is impossible to build the same navigation map for
various kinds of mobile robots because of their different working mechanism. It
means the same PMS position could be recognized disparately by different mobile
robots (see Fig. 9.27).

Robot Waypoint

o
o Starting
Position
Laboratory Tables
0"
O
Destination
o Position

Figure 9.27: PMS position parsing: (a) matching process; and (b) a demo of built robot path
with a series of waypoints

In this section an example is proposed to demonstrate the PMS parsing process in the
RRC as follows:

(a) Suppose there is a PMS transportation command coming as shown in Fig. 9.28.
This command is to ask the RRC to execute a transportation task in laboratories from
the starting position (S-Lab, Device A, Pos3) to the destination position (S-Lab,
Device B, Pos?2);

Robots Name Last Contact Status Version i
1A 12,11.2012 14:07:28 Idle 1.0.0 Build 1
H20 Client for Test  12,11.2012 14:07:28 Idle 1.0.0 Build 1
Humans Name Last Contact  Status Version
Source Position Destination Pasition
Lab S-ab %1 Lab S4ab ¥1
Device  Device A X2 Device Device B Y2
Position Pos3 X3 Position Pos2 Y3
Robot
Rack
Rack R1 R1-BC Tick 281
Server P 192.168.7.139:7030  Connect ] [ stop | [continue| [ abort | | oK

Figure 9.28: GUI of the PMS
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(b) Once the RRC receives this PMS transportation information, it will parse it to get
the starting and ending positions then map the positions to different running robots’
maps to understand which robots can recognize the starting and destination positions

of this task. A case of parsing functions programmed in this application is given in
Table 9.6.

Table 9.6 Function API of parsing the transportation resource in the PMS command

Function:

private string MatchResourcePosition2Waypoint (string robotname,

string pmsResourcePositionDescription:

This function returns the waypoint ID which matches with the PMS

resource position coordinates.

Parameters:

% string robotname: The ID of the mobile robot to be
identified. In the programming, a loop will be provided to

traverse all connected mobile robots;

position;

Return value: string

% string pmsResourcePosition: The RRC received PMS resource

(c) Once the RRC finds all the robot candidates, it will select the best robot among
them based on their power status and their distances to the starting transportation
position. Then It will do the path planning for the best mobile robot and send it an
executing path. A case of checking robot positions is demonstrated in Table 9.7.

Table 9.7 Function API of checking the robot positions for the transportation

private string[] CheckRobotPosition4PMSTrans
(stringl] robots, string pmsResourcePosition,
pmsDestinationPosition)
{
int NUMOFROBOT = robots.Length;
int robotindex = 0;
string[] MatchRobot = new string[5];
//PMS command parsing
for (int i = 0; 1 < NUMOFROBOT; i++)
{
if (robots[i] !'= null)
{
//check the starting point
string matchRobotStart = MatchResourcePosition?2
Waypoint (robots[i], pmsResourcePosition);
if (matchRobotStart !'= null)
{
//check the ending point
string matchRobotEnd = MatchDestinationPosition
2Waypoint (robots[i], pmsDestinationPosition);

if (matchRobotEnd != null)

{
MatchRobot [robotindex] = robots[i];
robotindex = robotindex + 1;

string
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}

}
return MatchRobot;

(2) PMS command parsing

Since the XML based commands are adopted between the PMS and the RRC, there is
inevitably also a command parsing work in the RRC side similar to the process
explained in the RBC side.

9.2.3.5 Developed GUIs of RRC

The GUIs of the RBC are comprised of a robot connection GUI, a sensor monitoring
GUI, a path planning GUI and a PMS handling GUI. The GUI of the robot connection
is shown in Fig. 9.29. As displayed in Fig. 9.29, the management strategy of the
mobile robots in this study is based on IP address. A new mobile robot can be added
into this platform after distributing an available IP address. To connect a mobile robot,
the users only need to choose the right robot ID of this mobile robot and click the
‘connect’ button. If the two sockets (the robot socket and the path socket) of the
mobile robot work rightly, the ‘connection status’ of the operating mobile robot in the

GUI will show ‘green’.

& Multi-Robot Remote Control Center ™ -y . = | B |
Robot Connection | Rohat Monitaring for Programming | PMS Communication I Data Statistical Anatysis |
Robot Connection Corfiguration . .
t Boar,
(ml:::l C‘;:ler
Robet 1D Robat IP Connection Status Transportation Status b 1] Robot Database
4 3 (Optional)
14 192.168.7.157 [ e f _I
2B 192.168.7.167 DisConnected NoTask [N [=—| Remote Sarver
T 192.168.0.102 DisConnected NoTask NS ComrolCenter
4D 192.168.7.187 DisConnected NoTask | ~ - -
5E 192.168.0.105 DisConnected NoTask g FobotBoard T = ]
i b [1144 | DisComnected [ NoTask [N ;! ™) process Managament
rocess Mana gemen
< [ T =S g F “~ Router Systems (PMS)
: \ [
N o
Robat Name Hui Liu Connect | L
[ ad [ Comeat | K ¢, -
Robot Board Center IP: 1.1.1.1 - Control Center

Figure 9.29: Robot connection GUI

The GUI of the sensor monitoring is shown in Fig. 9.30. If the users want to see the
detailed real-time data of a connected mobile robot, they only need to double click its
right robot ID to open the sensor monitoring GUI. The monitoring GUI will read the
real-time key sensor data of the mobile robot by using its robot ID. Normally the key
sensor data shown in this GUI will include robot position, robot battery power status
and robot on-board sonar. The first and second kinds of sensing data are used to

organize a transportation activity and the third group of data is for the function of
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robotic collision avoidance. If the selected robot is carrying out a transportation task,
the status of the transportation will be also displayed in this GUI, including passing
waypoint number and robot motor working status (‘P2POver’/*P2PGQO’). Based on
the monitoring GUI, the users can know the real-time performance of all connected

mobile robots.

o- RobotMonitor S— =NECh X

Robot Power/Position/Avoidance Distance
Battery |- | 13.53V Chargin  Position X: 033m Body SonarI: | 2.55m

Battery II: | 13.72V | Chargin  Posttion¥: | -0.04m  Body Sonarll:| 255m

DCIN: 16.73V Using Postion Dir:| 259g°  Basis Sorar | g22m
Transportation
Way Point: 1 Work Status: | P2POver Save Data

Figure 9.30: Sensor monitoring GUI

The GUI of the path planning is shown in Fig. 9.31. As shown in Fig. 9.31, this GUI
has three main functions: (a) all of the received data from the connected mobile
robots’ RBCs are shown in the GUI. The users can save those received RBC data into
a remote database or the local PC. As described in Chapter 1, the data in the robot
database will be used to do statistical calculation for improving the performance of
the mobile transportation; (b) the RRC works full-automatically without any human
operations. To meet the possible requirements of manual operations, the GUI also has
the manual buttons for the users; (c) the function of the path planning is the most
important in this GUIL. The completed computational process of the path planning
adopted here can be further explained as: once the RRC connects a mobile robot’s
RBC, it will send a command to the RBC to sample all the defined waypoints. If the
waypoint data of a mobile robot are gotten by the RRC, the RRC will execute the path
planning function for this mobile robot at once. As described in Chapters 6 and 7, a
hybrid computational strategy based on both of the map theory and the artificial
intelligence is proposed for the robot complex path planning. The path planning
results will also be displayed in this GUL
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& Multi-Robot Remote Control Center » & . SRl x=
Robot Connection | Robot Monitoring for Programming | PMS Communication | Data Statistical Analysis ‘
Robot 1A Robot Transportation Status
1A MONITOR -0.33 -0.04 25.58 13.68V 13.50V 16.85V Charging Charging Using 2.55m 2.55m 0.22m 2016 20" Robot Name: 1A -
Robot Status: Connected Path Status: Connected [C] Save Data "
Start Poirt: 1 B WayPairts
Save Database an o v
Fobot 28 EndFort: 4 | GoPath_|
Robot Shortest Path Caloulation
Fobot Status: Path Status: [F] Save Data
Status: 152.168.7.157: Planning Successfully
Chosen A
Robet 3C Path:
Robot Status: Path Status: [[] Save Data i

Figure 9.31: Path planning GUI

The GUI of the PMS handling is shown in Fig. 9.32. This GUI is designed to receive
the control commands from the PMS. It will parse the received PMS commands for
the organizations of the transportation tasks in the RRC and reply the executed results
or the real-time performance of the transportation to the PMS if necessary. Also the
PMS communication socket in the RRC will be monitored by this GUI. As shown in
Fig. 9.32, a coming PMS command is parsed and the PMS socket is monitored. The
definitions of the PMS commands will be found in details in Section 9.3.

& Multi-Robot Remote Control Center - [E=RECE X"
| Robot Connection | Robot Monitonng for Programming | PMS Communication
Communication with Higher PMS PMS Commands
Receiving XML Socket Data: Command ID: 1D-6336
=x<hml version="1.0"7> - Command Type: PMS Transport
<HZ20M-Commands 10="6334" Type="Command" Client="Simple-Transport-Test "><\ersion
CommandName="Version" Text="Simple-Transport exe 1.0.0 Build 1" Major="1" Minor="0" Build="1" = Source Lab: S-lab
ZLIB="False"/></H20M-Commands:
Source Device: Device A
=x<2ml version="1.0"7> it
<H20M-Commands |D="100" Type="AckReply" Client="Simple-Transport-Test"/> Source Position Fos3
=<l version="1.0"%> Destination Lab: S-lab
Destination Device: Davice B
Status: Connected to PMS: 192.168.7.139:61605 Listen Destination Position: Pos?
[] Save PMS Commands
= —

Figure 9.32: PMS handling GUI
9.3 Command Protocol

As mentioned in Sections 9.2 and 9.3, a XML-based protocol is proposed for the
control commands among the RRC, the RBCs and the PMS. The advantages of using

the XML in the system development have been summarized in references
[152]-{154].

9.3.1 Commands between the RRC and the RBC

There is a series of designed XML-based commands for the mobile robot remote
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control between the RRC and the RBCs as demonstrated in Fig. 9.33. The commands
include: ‘Connect’, ‘GetWayPoint’, ‘ReplyWayPoint’, ‘RunPath’, ‘Pause’, ‘Continue’,

‘Cancel’, etc. The functions of those commands are explained in Appendix B.3.

Connect

=

‘ ‘ ID=1 Type=C Client=A

<4+——— RobotStatus

1D=1 Type=AckReply Client=B

-

—p‘ GetWayPoint ‘ |ID=2Type=C Client=A

<4——— ReplyWayPoint

1D=2 Type=AckReply Client=B

RunPath

—

‘ ‘ ID=3 Type=C Client=A

Peer A:
RRC

+— RunPath

D=3 Type=AckReply Client=B

Peer B:

A
o1}
(2]

—ﬂ Pause

‘ ‘ ID=5 Type=C Client=A

— Pause

ID=5 Type=AckReply Client=B

AR

—

Continue ‘ ‘ 1D=6 Type=C Client=A

<—  Continue

1D=6 Type=AckReply Client=B

ERERERe

—ﬂ Cancel/Stop ‘ ‘ID:?Type:CCIient:A

<4+—— C(Cancel/Stop

1D=7 Type=AckReply Client=B

Figure 9.33: XML-based commands between the RRC and the RBC

A case of the ‘GetWayPoint’ command and its replied parameters is demonstrated in

Fig. 9.34.
<PointConfigTable>
<TargetX>0</Targeti>
<TargetY>0.42</Target¥>
<TargetDir>-88.5</TargetDir>
<?xml version="1.0" 7>

ID="12" Type="RemoteCommand"” Client="n">
<Resources CommandName="GetWayPoint">

<HZO0M-Commands

</Resources>
</H20M-Commands>|

<5topTime>0</StopTime>
<SeqNo>1</Segio>
</PointConfigTable
<PointConfigTable>
<Target¥>-0.77</Targetd>
<Target¥>1.15</Target¥>
<TargetDir>-179.54</TargetDir>
<5topTime>0</StopTime>
<SeqNo>2</Seglo>
</PointConfigTablex>

Figure 9.34: XML-based ‘GetWayPoint’ command and its replied data

Similarly, the commands for the RBCs to control/drive their corresponding RACs are

given in Appendix B.4.

9.3.2 Commands between the PMS and the RRC

There is also a series of proposed XML-based commands for the PMS transportation

communication between the RRC and the PMS as shown in Fig. 9.35. The workflow

of those commands is demonstrated in Fig. 9.36.
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Peer PMS Peer RRC

|

CommandTask | 1D=1 Type=C Glient=A

+— CommandTask | ID=1 Type=Ack Client=B
CommandTask IID:1 Type=MoAck Client=B

CommanaTask [ ID=1 Type=AckReply Client=H

Stop [1D=2 Type=c client=s

Stop I 10=2 Type=AckReply Client=B

Continue I I0=3 Type=C Client=A

Continue [10=3 Type=sckReply Client=R

Abort [1=4 Type=c Client=s

Abort [10=4 Type=rckReply Client=B

CommandTask IID:1 Type=Reply Client=B

J G Hd N

VLTI

CommandiTask III:h1 Type=ReplyAck Client=A

Figure 9.35: XML-based commands between the PMS and the RRC

v v
Build the communication Build the communication
socket in the PMS socket in the RRC

A

v v
M Send software version | Send software version
messages g message
NO @ @ No—T

YES YES
Y Y

Send resource » Check the available robots «

y L Reply the list of available
» Send transportation task robots to the PMS
» messages v
< Receive the transportation
» r ges and make
Check the wrong tasks and decisions for all tasks

represent the right ones

Procéeding @

! YES NO
v \ 2 v
Middle commands: pause/ Estimate the time required Report the reason why a
continue/abort/check/ for every task task cannot be executed
keepAlive... I I
v
i 4{ Reply the decisions to the PMS
Proceeding v
; Continue the working process (to
Start a new transportation select the best .moblle robot and
task executing path)
v
Reply the result of the
|:| - The workflow of the RBC transportation to the PMS

v

Listen for a new task

|:| - The workflow of the RRC

Finish a task

Figure 9.36: Command workflow between the PMS and the RRC
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As shown in Fig. 9.36, there are two kinds of the most important control commands
between the PMS and the RRC, the commands to describe the transportation contents
and to request the lists of available mobile robots (transporters). Here they are further
explained in details below.

9.3.2.1 Transportation Command

The transportation command is to transmit the specific contents of the transportation
tasks using the PMS viewing. The PMS will present a transparent command including
the starting position and the destination ending position, as demonstrated in Fig. 9.37.
To guarantee the RRC receive the transportation command completed, the length of
the command is also required to be included as given in Fig. 9.38.

1i «<?xml version="1.0" 2>
20 «H20M-Commands ID="88" Type="Command" Client="MessageTest":>
Eé <Transport CommandName="Transport™>
<Source Lab="5-Lab" LabBC="X" Device="Device A" DeviceBC="¥" Position="Posl" PositionBC="Z" />

<Destination Lab="D-Lab" LabBC="X" Device="Device B" DeviceBC="¥" Position="Posl" PositionBC="ZI" />
&i] <Rack Name="Rack A" BC="RR1">
'E <PosData Pos="P1">»

<LWData Name="Labwl" BC="BC 1" />

<LWData Name="LabwX-9" BEC="BC 1-Tango-Emil"™ />

</PosData>

</Rack>
2i  «/Transport>
13: L «/H20M-Commands>>

Figure 9.37: XML-based transportation command

oloolozlra[ <[ [x[m[ 1] [v]e] - [o]m[alnlals]>]

32Bit message length XML, UTF8 encoded, “English” locale

In network byte order : !
(not including these 4 bytes) Can be compressed into zip format

Figure 9.38: Format of transportation command

In the RRC side, when the RRC receives a coming transportation command from the
PMS, it should reply the PMS whether the transportation can be further executed. The
process of coping with the transportation commands can be explained as follows: (a)
the positive condition is that the received command can be understood by the RRC. In
that case, the RRC will go on selecting the best mobile robot among the available
ones then calculate the needed time to finish this task based on the status of the
chosen robot. This estimated time should be replied to the PMS timely (see Fig. 9.39);
(b) the negative condition is that the received command cannot be recognized by any
mobile robots, which are connected to the RRC. In that situation the RRC should
report an error notice to the PMS (see Fig. 9.40). Then the PMS has the possibility to
check this transportation command and represent a revised one; (c¢) once the
distributed transportation command (task) has been executed rightly by a mobile robot,
the RCC should also report a success notice to the PMS in time (see Fig. 9.41); and (d)
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during the communicating process, the ‘KeepAlive’ command will be sent by the PMS
frequently to the RRC. If the RRC does not reply this kind of ‘KeepAlive’ command
more than several times (five time by default), the PMS will regard the socket
communication to the RRC has been closed then it will restart it. Also if the PMS
does not receive a response from the RRC about the result of a transportation task
beyond the RRC’s promising time (estimated time), it will give up the transportation

task and restart the procedure.

1: «<?xml version="1.0" 2>

0 <H20M-Commands ID="88" Type="Ack"™ Client="RRC":

L <Transport CommandName="Transport™ EstimateTime="1000" />
< /H20M-Commands>

e L R

Figure 9.39: XML-based transportation estimation time reply

<?xml wversion="1.0" ?>»

[0 <HZ20M-Commands ID="88" Type="Ack" Client="RRC">

L <Error Code="7">The transportation task cannot be understood<Error />
</H20M-Commands>

B W k)

Figure 9.40: XML-based transportation error reply

1: «<?xml wversion="1.0" 2>

20 <H20M-Commands ID="88" Type="Reply”"™ Client="RRC">

SL «<Transport CommandName="Transport"”™ Succeszz="True" ErrorText="TEXT"/>
4: -« /H20M-Commands>

Figure 9.41: XML-based estimation time reply
9.3.2.2 Resource Command
The resource command is proposed for the PMS to query the information about

available robots and the defined positions from the RRC. A case of the resource

commands is displayed in Figures 9.42 and 9.43.

<?xml version="1.0" ?>
0 <H2 0M-Commands ID="88" Type="Command"”™ Client="RRC">
EE <Reszources Commandilame="List Transporter">

</Resources>
</H20M-Commands>

o L R

Figure 9.42: XML-based resource command

=?xml version="1.0" ?=
- <H20M-Commands ID="15725" Type="AckReply" Client="RRC":=

- <Resources CommandName="List Transporter"=>
<Transporter Name="1A" StatusAsText="Busy" StatusCode="2" /=
<Transporter Name="2B" StatusAsText="Busy" StatusCode="2" />
<Transporter Name="3C" StatusAsText="Idle" StatusCode="1" />
<Transporter Name="4D" StatusAsText="Busy" StatusCode="2" />
<Transporter Name="5E" StatusAsText="Busy" StatusCode="2" /=

=/Resourcess
</H20M-Commands:=

Figure 9.43: XML-based resource reply
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9.4 Database Design

In the study, a network database named H20RobotDB based on My SQL platform is
built to store important data of the transportation system. The storing parameters of
the H20RobotDB are demonstrated in Appendix B.5. The functions of the
H20RobotDB database are given as follows:

® Estimate the transportation performance: by using the stored transportation
data, a kind of optimized works could be provided. For instance, the task
distribution of every mobile robot and every defined waypoint can be calculated
statistically for optimizing the installing positions of the automated charging

stations in laboratories.

® Provide real-time deciding assistances for the transportation: as described in
Section 9.3, when the RRC receives a transportation task from the PMS, it will
estimate the necessary time to complete the task by checking the status of all
connected robots. This estimated time is important in the transportation, because
it can affect the whole automated process of a laboratory. Although the RRC can
calculate the estimated time based on the route distance and the robot current
moving velocity, the result is theoretical. Sometimes additional time may be
required in the transportation if some accidents happen, such as the time needed
for an activity of collision avoidance. So it would be better if the RRC can reply
the PMS the estimated time based on both of the theoretical computation of the

current robotic configuration and the statistical results of the stored real data.

® Provide necessary assistances to the users: based on the established database,
the users can request the related parameters of the transportation system if they
want. For example, they can generate a statistical drawing for the previous

changing conditions of robot batteries.

Fig. 9.44 shows the main GUI of the database operating. The ADO.NET component is
adopted to build the data connection between the RRC and the My SQL-based
H20RobotDB. In this GUI, the users can read all saved transportation data from the
H20RobotDB database. If the users want to see more detailed data, they can operate
the data searching function as displayed in Fig. 9.45. As shown in Fig. 9.45, the data
searching can be done using the request conditions of robot power range, robot name
and transportation executing time. In addition, the users can use the data outputting
function of this GUI to save the filtered data into an Excel-format file for a deeper

analysis as demonstrated in Fig. 9.46.
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Besides the upper standard functions of database searching, there is an advantageous

function included in this section. The function is to do statistical calculation. As

shown in Fig. 9.47, the functions of statistical calculation designed here include: (a)

provide the average times of the same transportation paths for every running mobile

robot; (b) provide the charging times of robot batteries; and (c) provide the costing

times of robot batteries. This kind of information will be used to optimize the

transportation works in the future.

& Multi-Robot Remote Control Center

E=nEeal X |

| Robot Connection I Robet Menitoring for Programming I PMS Communication | Data Statistical Analysis |

SerialMumber LTime Workingfrea Robot Status RobotPosX RobotPosY RobotPosDir BatteryOneVol =

» 1 27.11.201212:59:22 213 MONITOR -0.33000 -0.04000 2598000 13.99000

2 2711.201212:55:23 213 MONITOR -0.33000 -0.04000 2558000 1404000

3 Z711.201212:59:24 213 MONITOR -0,33000 -0,04000 25,58000 14,03000

4 Z711.201212:5925 213 MONITOR -0,33000 -0,04000 25,58000 14,11000

5 27.11.201212:59:26 213 MONITOR -0,33000 -0.04000 25,98000 14,04000

6 27.11.201212:59:27 213 MONITOR -0.33000 -0.04000 25.98000 13.97000

7 27.11.201212:55:28 213 MONITOR -0.33000 -0.04000 2558000 14.01000

8 2711.201212:55:29 213 MONITOR -0.33000 -0.04000 2558000 1409000
o 3 27.11r.fﬂ1212:59:3ﬂ 213 | MONITOR -0.33000 -0.04000 25.38000 13.54000 - 2

Robot Name: Rebot1A = Search | [ Delete ][ Pant | [ Statistical Analyss |

Figure 9.44: Database Main Operating GUI

. —————

‘SerialNumber LTime Working Area Robot Status RobotPasX RobotPosY RobotPosDir BatteryOne Vol Battery TwoVol DCVal o
}4_27 1202125, (213 MONITOR -0,33000 -0,04000 25,32000 13,55000 14,06000 16,86000
2 27112012125 |213 MONITOR -0,33000 -0.04000 25,38000 14,04000 14,15000 1688000
3 27.11.2012125... |213 MONITOR -0.33000 -0.04000 25,92000 14,03000 14,26000 16.93000
4 27112012125 |213 MONITOR -0,33000 -0,04000 25,38000 14,1000 14,26000 16.91000
5 2712012125, |213 MONITOR -0.33000 -0.04000 25,38000 14.04000 1417000 16.85000
6 27.11.2012125... |213 MONITOR -0,33000 -0,04000 25,32000 1357000 14,13000 16,92000
| 7 27112012125 |213 MONITOR -0,33000 -0.04000 25,38000 14,0000 14,10000 1680000
I 8 27.11.2012125... |213 MONITOR -0.33000 -0.04000 25,92000 14,08000 14,20000 16.95000
9 27112012125 |213 MONITOR -0,33000 -0,04000 25,38000 13.54000 14,31000 17.05000
! 10 2r1.2012125.. |213 MONITOR -0.33000 -0.04000 2538000 13.53000 1427000 16.82000
1 27.11.2012125... |213 MONITOR -0,33000 -0,04000 25,32000 13,54000 14,27000 16,83000
12 27112012125 |213 MONITOR -0,33000 -0,04000 25,38000 13.55000 14,27000 17.05000
| - PPN PN S IR [P PN P PR o B
e \ .
| AobotName: Fabwin =
Power One: M
Power Tuwc: FELE
Power Two:  Donnerstag, 8. Nowember 2012 »  Donnerstag, 23 Movember 2012 [ Show Data ] [ Print Data ] [ Draw Graph ]

Figure 9.45: Database Searching GUI
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g THT T e e . ixip1 - wicrosor e T o O )

Start Einfagen Seitenlayout Formeln Daten Uberprifen Ansicht (7] 9 X

(-] | Svzenenumoruen standara | il % a= 5 (W S A&r &
& L =

7:‘ § calibri - v A A=
Einfagen L‘; [P & o[- A || BB veroinaen una zentieren ~ | (23~ % ao|[5gk 25| | Bedimote  AsTabelle Zellenformatvoriagen || Eimfgen Loschen Format || o Sorieren _Suchen und
- Formatierung - formatieren - - - - - und Filtern~ Auswahlen ~
Zwischenabl... Schriftart i Ausrichtung = Zahi & Formatvorlagen Zellen Bearbeiten
| Al s fe | SerialNumber
A [ G D E E G H 1 1 K L Y

1 [seriainumb]iTime WaorkingAre: ) Dir BatteryOne\ BatteryTwo\ DCVal BatteryOnesS BatteryTwoS DCStatus
2 1 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,99 14,06 16,86 Charging  Charging  Using

3 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,04 14,19 16,88 Charging  Charging  Using

a 3 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,03 14,26 16,93 Charging  Charging  Using

5 4 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,11 14,26 16,91 Charging  Charging  Using

6 5 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,04 14,17 16,85 Charging  Charging  Using

7 6  27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,97 14,13 16,92 Charging  Charging  Using

8 7 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,01 14,1 16,8 Charging  Charging  Using

3 8 27.11.201212:53 213 MONITOR -0,33 -0,04 25,98 14,09 14,3 16,95 Charging  Charging  Using
10 9 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,94 14,31 17,05 Charging  Charging  Using
11 10 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,93 14,27 16,82 Charging  Charging  Using

12 11 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,94 14,27 16,83 Charging  Charging  Using

13 12 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,99 14,27 17,05 Charging  Charging  Using

14 13 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,99 14,2 16,84 Charging  Charging  Using

15 14 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,97 14,28 17,01 Charging  Charging  Using

16 15 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,13 14,28 16,97 Charging  Charging  Using

17 16 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,13 14,11 16,91 Charging  Charging  Using

18 17 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,98 14,27 17,08 Charging  Charging  Using

19 18 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,05 14,21 16,93 Charging  Charging  Using

20 19 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,03 14,24 16,85 Charging  Charging  Using

21 20 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,05 14,27 16,98 Charging  Charging  Using

2 21 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 14,01 14,1 16,93 Charging  Charging  Using
[ 22 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,94 14,24 17,05 Charging  Charging  Using

24 23 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,93 14,29 16,96 Charging  Charging  Using

25 24 27.11.201212:59 213 MONITOR -0,33 -0,04 25,98 13,84 14,15 16,9 Charging  Charging  Using

H 4 b bi| Search Data - Tabelle2 = Tabelle3 ~¥J | I

Bereit

Figure 9.46: Data Outputting GUI

a2 RobotDatabaseStatistics . = EM

Robot Names: Robot 14 -

Statistical Information AvgTime
Mo .Of Tasks 4 N
Avg. Battery One Voltage 13,951061755 1-3-10 125

- 1-2-510 171
Avg. Battery One Charge Time 15000000

1-2-3 504
Avg. Batteny One Discharge Time 815,0000 *
Avg. Batteny Two Voltage 14,130000000
Avg. Batterny Two Charge Time 38000000
Avg. Battery Two Discharge Time  215,0000
< i r

Figure 9.47: Statistical Calculation GUI
9.5 Conclusions

In this chapter the software development of the transportation system is presented in
details. On the basis of the transportation control strategy proposed in Chapter 2, there
are three software control centers designed in the system, the RRC, the RBCs and the
RAC:s. In every control centers, the developing ideas are explained and the developed
GUIs are demonstrated. Additional the control commands among those three centers

and the established network database are also given.
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Chapter 10 Experiments

In this chapter, three different kinds of experiments are provided to demonstrate and
verify the performance of the developed transportation system as follows: (a) robot

arm movements; (b) robot transportation; and (c) robot charging management.
10.1 Robot Arm Movements

The first experiment is provided to demonstrate the performance of the robot arm
movements. In this experiment a robot arm is activated to move up and put down a
box using the programmed RAC software. Here a robot training arm from Canada
DrRobot company is integrated in the RAC to generate the XML-based control files
for the expected arm movements. The training arm will simultaneously control the
real arms of H20 robots to do any kind of movements under the constraints of the arm
joint freedoms. During the robot real arm moving, the trajectories of all joints in the
H20 real arms will be recorded by the RAC software automatically. The working

mechanism of this training arm method is demonstrated in Fig. 10.1.

Training
Arm

s "
Controlling

Values of

'| ArmlJoints

Figure 10.1: Training arm module generating the XML-based control files for the robot arm
movements

This training method suits for the application in this study. The reasons are explained
as follows: (a) this method can avoid the complex computation of the kinematic
equations of the robot real arms for some required movements; and (b) the generated

XML-based files can be recognized and reused by the servo hardware of the robot real
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arms to repeat the expected actions fast; and (c) based on the programmed RAC, the
preparation of the control files for the robot arms can be done in a short time. The

results of this experiment are given in Fig. 10.2.
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Figure 10.2: The robot arm movements at different time step

10.2 Robot Transportation

The second experiment is made to demonstrate the performance of the transportation.
The experiment is executed as follows: (a) use the waypoint definition GUI of the
RBC to define six points for a real life science laboratory (at Celisca, Germany) for
two robots (Robot 3C and Robot 4D); (b) run the RRC to connect the two robots’
RBCs and finish the path planning calculation for both of them; (c) suppose there is a
P2P transportation task which requires a mobile robot to patrol a shortest path
between the defined starting position (position (D)) and the destination position
(position (©®) then to finish a completed arm manipulation (including pick up and put
down) when the mobile robot arrives at the destination position. The RRC is defined
to select the candidate robot by the standard of robot power. Finally the Robot 3C is
chosen because of its higher power; (d) the RRC sends the calculated shortest path to
the RBC of the Robot 3C; (e) the RBC controls the robot to finish this P2P task. From
Fig. 10.3, we can see that the RBC is controlling the Robot 3C rightly following the
selected path D->@->@)->@->®); (f) as shown in Fig. 10.4, when the Robot 3C
reaches the position (©), it drives its on-board RAC to pick the expected box up then
put it down successfully; and (g) as given in Fig. 10.5, the relevant indoor positions of
all the connected robots are monitored by the RRC’s global 2D map in real-time.
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Figure 10.5: All running robots monitored by the RRC 2D map

10.3 Charging Management

The third experiment is given to demonstrate the performance of the robot recharging.
The experiment is given as follows: (a) a transportation map is built in a H20 mobile
robot by using its on-boarding RBC. This map consists of three transportation
positions (see Fig. 10.5-a/b/c), a waiting position (see Fig. 10.5-d) and two recharging
positions (see Fig. 10.5-e/f). The waiting position is chosen in front of the first

recharging position; and (b) this robot is asked to do loop-patrol transportation in the
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map. When the power of the robot is lower than a defined value (e.g., 12 V), the robot
will move to the charging waiting position (see Fig. 10.5-d) for correcting the posture
(i.e., turning around) then go backward to the charging station to do recharging. The
movements in Fig. 10.5 show that the recharging management function of the system

works rightly.

(e)

Figure 10.6: The robot recharging in a life science laboratory
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Chapter 11 Conclusions and Outlook

11.1 Conclusions

In this study a smart multi-mobile robot system has been presented for the
transportation tasks in the distributed laboratory environments. In this system a series

of technical and scientific issues have been done as follows:

(a) A two level Client/Server based control strategy is proposed considering all of the
special requirements of the laboratory environments (including economy,
expandability, flexibility and stability). The strategy is comprised of four levels, the
PMS in the first level for the transportation task request, the RRC in the second level
for the transportation management, the RBC in the third level for the transportation
motion execution and the RAC in the fourth level for the transportation arm execution.
Based on this control strategy the finally developed transportation system can suit for
any kinds of laboratory environments and any kinds of robotic sensing modules or

mobile robots could be integrated conveniently (see Chapter 2);

(b) A hybrid communication network is presented to do the data transmission of the
transportation. This communication architecture consists of an internal component
and an external component. In the internal component a standard IEEE 802.11g cable
based network is adopted for the hardware data measurement between the RBCs and
the robot inside hardware modules. Considering the mobility of the developed
transportation system, in the external component a standard IEEE 802.11g Wi-Fi
network is used for the command and data transmission among the PMS, the RRC
and the RBCs. To guarantee the stable performance of the communication when the
transportation system run in a super-huge laboratory environment and avoid the
possibilities of data jam caused by the robot on-board multiple cameras, an improved
method using the marine wireless bridges is provide to improve the communication
performance between the RRC and the RBCs (see Chapter 3);

(c) A new method is proposed for the multi-robot indoor localization in laboratory
environments. The method is composed of a ceiling landmark based strategy and a
floor landmark based strategy. In the ceiling strategy, one kind of indoor positioning
module named StarGazer is adopted working together with a series of ceiling

landmarks. The ceiling way is designed for the robot indoor global localization of the
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whole laboratory environments (buildings). The advantages of the ceiling localization
are economy and expansibility. It can be extended to any sizes of laboratories after
installed additional landmarks. In the floor strategy, one kind of depth camera named
Microsoft Kinect is utilized and an effective floor landmark is developed. The floor
measure is provided for the robot indoor local localization for some special positions
where the high-precision performance is desired. The floor localization can cooperate
with the previous ceiling one to attain the satisfactory performance of the robotic

transportation (see Chapter 4).

(d) A new method is provided to improve the original performance of the H20 robots
in indoor collision avoidance. The H20 robots use the ultrasonic and IR sensors to
measure a front obstacle (human beings or laboratory facilities) and utilized the APF
to find an alternative avoidance path. Due to the limited ranges of the used ultrasonic
sensors, the H20 robots will vibrate in front of close obstacles. Aims at this condition,
an improved method using the Microsoft Kinect is proposed to measure farer
obstacles and recognize the shapes of the coming obstacles. Also a control strategy of

the improved collision avoidance is put forward (see Chapter 5).

(e) A new framework is built for the transportation path planning. In the planning
framework both of the map theory based algorithms and the artificial intelligence
based algorithms are included. In the component of map theory based algorithms, a
hybrid method based on Floyd algorithm and Dijkstra algorithm is presented. The
Floyd algorithm will calculate all shortest paths for any pair of waypoints in a
transportation map and the Dijkstra will determine an alternative path when a
waypoint in the Floyd paths becomes unavailable. This map theory sub-framework
suit for the P2P transportation tasks with a small number of transportation waypoints.
In the component of artificial intelligence based algorithms, a hybrid method based on
GA and AACA is proposed to do the patrol transportation path planning with a big
number of waypoints. At the same time a comparison of the GA and the AACA in the
path planning computation is done. The experimental results show that the AACA has
better performance than the GA. Based on this new framework any sizes of

transportation path planning works can be done (see Chapters 6 and 7).

(f) A new robot charging management method is provided in this study. In this method,
an automated charging station from the Canada DrRobot company is introduced, a
robot power measuring component is programmed and a new method using the
intelligent AIA to determine the best installing positions of the numbers of automated
charging stations is designed. Here it is necessary to mention that this AIA based
computational algorithm not only considers the distances between the charging

stations and the transportation waypoints but also regards the task distribution of
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every transportation waypoint (see Chapter §8).

(g) A control software platform is developed to organize the robot transportation tasks
in laboratories. In the developed platform there are three control centers, the RRC, the
RBC and the RAC. All of them are programmed using the Microsoft C# language
with the .Net framework. Among them, the RAC is designed for the arm movements,
the RBC is presented to execute the transportation by controlling and measuring all
robot inside hardware, and the RRC is proposed to manage the transportation by
communicating with both of the higher PMS and the lower RBCs. The architecture of
this software platform is flexible, which means other kinds of mobile robots and
automated systems in laboratories can be integrated seamlessly. In addition, a
XML-based protocol is designed for the command communication among those three
control centers and a My SQL-based network database is developed to store the

important information of the transportation system (see Chapter 9).

(h) A series of experiments has been done to verify the performance of the developed
laboratory transportation system, including the initialization of robot arm movements,
the robot transportation, the robot recharging management and the robot collision
avoidance. The experimental results show that this system is effective and efficient for
the laboratory transportation in the distributed laboratory environments (see Chapter
10).

11.2 Outlook

As described in Section 11.1, the presented control strategy and its developed system
are ready to be integrated with the laboratory automation to execute transportation
tasks. Nevertheless, there are still some technical issues which will be carried out by

our group at Celisca in the near future as follows:

(a) Performance of arm manipulation: In this dissertation the RAC component is
developed to work together with the DrRobot training arm tool to generate the
expected arm movements of the H20 robots. This way is effective but not very
accurate. So if the transportation system is asked to do high-accuracy arm

manipulation, the image processing based arm correction is desired.

(b) Execution efficiency of transportation tasks: In the current transportation path
planning, the execution time for a coming transportation task can be calculating based
on the total distance of a selected path and the robot running velocity. However this
computational time is a theoretical value. It could be different to the real execution

time especially in some cases when the selected paths are changed because of some
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dynamic reasons (e.g. the request of collision avoidance). The best solution to this
issue is that when a transportation task is distributed from the PMS to the RRC, the
RRC can reply the PMS the needed time by searching for the stored data in the
database. This solution requires a statistical calculation function in the RRC. Although
in this dissertation a simple statistical function has been already considered, a more

powerful one is desired in the future.

(c) Full automation of transportation system: we can say the current transportation
system is highly automated. No any human operation is needed in the whole working
process of the transportation system. The transportation task will be presented from
the PMS through the RRC to the selected RBC automatically. Even if in some special
cases when the distributed tasks cannot be recognized or executed by the robots
because of some unexpected errors, the whole transportation system will still work
rightly and the error information will be transmitted to different control levels of this
system automatically. Nevertheless aims at the full automation, this system needs
more developing works. For instance, the robots should open the laboratory doors
automatically during their transportation. In the next step the robotic entrance

automatic module will be developed.
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Appendix A: Specifications of Hardware

A.1 H20 Mobile Robot

Right Eye Camera eft Eye Camera

- P Dual Camera o
Head IR e £ / Animated Head L;E;t_'zatlcln
ea §p- e ensor
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T e
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12" Touch :
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LED (Main
Power)
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Main Camera Main Power Auto-Recharging

Sonar Sensor IR Range Sensor Switch
Socket

Figure A.1 DrRobot H20 mobile robot

Table A.1 Parameters of the DrRobot H20 mobile robot

Dimensions S5lem x 43cm x 140cm (Width x Length x Height)
Max Speed 75 cm/second
Max Payload 40 kg (Optional 80 kg)

Extended Operating Time | 2 hours (Optional 4,8 hours)

<> 127 touch laptop on chest
< Dual arms with 6 joins (DOF) + 2 DOF

Other features
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gripper, reaching 60 cm

6 DOF head with dual 640 x 480 color
cameras

<>

StarGazer based localization
Automated recharging station
Wireless network 802.11g

S

Navigation sensors including 5 sonar and 10
(Infra Radio) IR sensors

A.2 Microsoft Kinect

IR Emitter Color Sensor
IR Depth Sensor

Tilt Motor

=

Micropho_ne Array

Figure A.2 Cutaway view of Microsoft Kinect sensor

Table A.2 Specifications of the Microsoft Kinect sensor

Dimensions 11" x 2.5" x 1.5" (Width x Length x Height)
Viewing angle 43° vertical by 57° horizontal field of view
Vertical tilt range +27°
Frame rate 30 Frames Per Second (FPS)
Audio format 16-kHz, 24-bit mono pulse code modulation

A four-microphone  array  with  24-bit
Audio input analog-to-digital converter (ADC) and

characteristics Kinect-resident  signal processing including

acoustic echo cancellation and noise suppression

Accelerometer A 2G/4G/8G accelerometer configured for the 2G
characteristics range, with a 1° accuracy upper limit.

<> An RGB camera with 1280x960 resolution
<> An IR emitter and an IR depth sensor

Sensors
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< A multi-array microphone

< A 3-axis accelerometer

A.3 StarGazer Module & Ceiling landmark

Figure A.3 StarGazer module
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- . ._
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Figure A.4 Ceiling landmark for the StarGazer module
Table A.3 Specifications of the StarGazer module
Dimensions 50cm x 50cm x 28mm (Width x Length x Height)

Hardware interface UART(TTL 3.3V), 115,200bps

Communication protocol | ASCII code

Sampling frequency 20 times/sec
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Rang per landmark 2.5~5 m in diameter
Heading Angle
Resolution 1.0degree
< Typel: 1.2 < height < 29m
< Type2:2.9 < height < 45m
Landmark Types )
< Type3:4.5 < height < 6.5m
< Type4:6.5 < height < 15m
HLI1: 31 ea (for a normal space)
Landmark Types
HL2: 4,095 ea (for a larger space)
Power interface 5V:300mA, 12 V: 70 mA
Repetitive Precision 2 cm

Appendix B: Data Format of Software

B.1 StarGazer-based Indoor Localization

F//Z +aaaa.aa | =bbbb.bb | cccc.cc | dddd

Figure B.1 Output of StarGazer module

Table B.1 Data format of the measured positions from the StarGazer module

Means the module is working rightly

Means the result data

® Indicates the Map-Building Mode

F//Z ® [ndicates the Map Mode
® Indicates the Height Calculation Mode
+aaaa.aa Value of Angle (degrees; -180°~+180°)
+bbbb.bb Position on X axis (cm)
*cccce.cc Position on Y axis (cm)
dddd The number of an ID
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B.2 Robot sending sensor data between RBC and RRC

Table B.2 Data format of the sensing data between the RBC and the RRC

Robot Name: 1A

Robot State:

Connected/Disconnected Robot X position: 10.01 m

Robot Y position: 10.02 m Robot Orientation: 30° Battery Power #1: 13.25V
Batt tate #1:
Battery Power #2: 13.25 V DC Power: 17.25 V attery State #
Charging/Using
Battery State #2: . . Robot Basis Middle Sonar:
DC State: Ch /
Charging/Using C State: Charging/Using 0.55m
Robot Body Front Sonar: Robot Body Back Sonar: Robot Left Hunan Sensor:
2.55m 2.55m true/false

Robot Right Hunan Sensor:

true/false

Current Transportation

Current Waypoint Number: 1 Status: P2PGo/P2PStop

B.3 Robot control commands between RBC and RRC

Table B.3 Data format of the control commands between the RBC and the RRC

Name of Command Description
Connect/Disconnect This command is to connect/ disconnect a remote socket in the
RRC and RBC sides.
GetWayPoint/ This command is for the RRC to get the predifined waypoints from
ReplyWayPoint the RBC.
This command is to ask the RBC to run a distributed path by the
Runpath
RRC.
This command is to pause a mobile robot which is running a
Pause transportation task. It works together with other commands
(Continue, Cancel/Stop,...)
. This command is to continue a mobile robot which is running a
Continue .
transportation task.
This command is to cancel/stop a transportation task for a mobile
Cancel/Stop robot
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B.4 Robot control commands between RBC and RAC

Table B.4 Data format of the control commands between the RBC and the RAC

Name of Command

Description

This command is to connect/ disconnect a remote socket in the

C t/Di t .
onnecksconnec RBC and RAC sides.
This command is to drive the arms of the H20 robots to catch an
MoveUp . o
experimental facility.
This command is to drive the arms of the H20 robots to put down
MoveDown

an experimental facility.

Camera-based

This command is to drive the function of the camera-based

Correction correction in the RAC.
This command is to pause a robot arm which is running a
Pause manipulating task. It works together with other commands
(Continue, Cancel/Stop...)
. This command is to continue a robot arm which is running a
Continue . .
manipulating task.
This command is to cancel/stop a manipulating task for a robot
Cancel/Stop p P £
arm.
B.5S H20Robot Database

Table B.5 Data format of the H20Robot database

Name of Parameters

Descriptions

LTime This parameter shows the executing time of the data record;
. This parameter shows the working laboratory room number of a
WorkingArea . S
transportation process, which is sent from the RBC of every robot;
This parameter shows the X position of a mobile robot, which is
RobotPosX P . P .
original from the StarGazer navigation;
This parameter shows the Y position of a mobile robot, which is
RobotPosY P . P o ’
original from the StarGazer navigation;
. This parameter shows the direction of a mobile robot, which is
RobotPosDir

original from the StarGazer navigation;
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This parameter shows the voltage of the battery #1 in a mobile

BatteryOneVol C
atterytonevo robot, which is original from the Power module;
BatteryTwoVol This parameter sbows the; Yoltage of the battery #2 in a mobile
robot, which is original from the Power module;
This parameter shows the voltage of the charging channel in a
DCVol . C
mobile robot, which is original from the Power module;
This parameter shows the status of the battery #1 in a mobile
BatteryOneStatus C e
robot, which is original from the Power module;
This parameter shows the status of the battery #2 in a mobile
BatteryTwoStatus C e
robot, which is original from the Power module;
DCStatus This parameter shows the status of the charging channel in a
mobile robot, which is original from the Power module;
This parameter shows the distance value of the installed body front
FrontSonarSensor ) .
sonar in a mobile robot;
MiddleSonarSensor This parameter sbows the dis'tance Va%ue of the installed basis
middle sonar in a mobile robot;
This parameter shows the distance value of the installed body back
BackSonarSensor . .
sonar in a mobile robot;
RightHumanSensor This parameter shows the distar}ce Value‘ of the installed right-side
human sensor in a mobile robot;
This parameter shows the distance value of the installed left-side
LeftHumanSensor . .
human sensor in a mobile robot;
RobotP2PStatus This parameter shov?ls the moving stgtus of a mobile robot
executing a transportation task;
Thi ter sh th ting shortest path of
RobotShortestPath is parameter shows the executing shortest path of a
transportation task;
NextWaypoint This parameter shows the next expected waypoint of a

transportation task;

Appendix C: Experimental Results

C.1 StarGazer performance under dark environment
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Figure C.1 Experimental environment with strong lighting
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C.3 Kinect-based indoor local localization

Figure C.9 Experimental results of Kinect-based local localization
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1.

A mobile robot based intelligent control system is developed for the indoor

transportation among distributed automated ‘islands’ in laboratory environments.

The developed transportation system is integrated in the whole process of the
laboratory automation. It communicates with the Process Management System

(PMS) to get the presented transportation tasks and finish them automatically.

A new controlling/organizing strategy is proposed for the system development. In
this strategy there are four control levels and corresponding software centers, the
PMS in the highest level for the transportation request, the RRC (Robot Remote
Center) in the second level for the transportation management, the RBC (Robot
On-board Center) in the third level for the transportation motion execution and
the RAC (Robot Arm Center) for the arm execution.

A hybrid network is designed for the communication of the transportation. In this
network there are two sub-networks proposed, the RIN (Robot Internal Network)
for the communication between the robot RBCs and the inside robotic hardware
modules and the REN (Robot External Network) for that between the RBCs and
the RRC. This hybrid architecture is flexible and extendable.

To let the robots run a long distance and decrease the possibilities of data
transmission jam caused by the real-time image monitoring, an improved method
using the marine wireless bridge is adopted for the communication between the
RBCs and the RRC.

A new method is presented for the robot indoor localization. This method consists
of a ceiling landmark based global localization and a floor landmark based local
localization. The StarGazer module and the Microsoft Kinect sensor are used to

detect the ceiling and the floor landmarks, respectively.

A hybrid framework is developed for the transportation path planning. This
framework 1s based on using both of the map theory based algorithms and the
artificial intelligence based algorithms. It can handle any size of transportation

maps.

A hybrid method is provided in the map theory based path planning. The Floyd
algorithm is used to do off-line computation for the shortest paths for any pair of
transportation positions and the Dijkstra algorithm is utilized to do on-line

computation to find an alternative path when the Floyd paths are unavailable.

In the artificial intelligence based path planning, two representative algorithms
are included, the Genetic Algorithm (GA) and the Artificial Ant Colony
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10.

1.

12.

13.

14.

15.

16.

17.

Algorithm (AACA). At the same time a comparison of them is provided in this
dissertation. The compared results show that the performance of the AACA is
better than that of the GA in this case.

The map theory based path planning is suitable for the transportation tasks with a
small number of defined waypoints. It has been applied for the P2P transportation
in this study.

The artificial intelligence based path planning is designed for the transportation
cases with a big number of defined waypoints. It has been adopted for the patrol

transportation in this application.

An improved method is proposed for the laboratory robot indoor collision
avoidance. In the method the Microsoft Kinect sensor is integrated in the system
to measure a farer obstacle and recognize the shapes of the obstacles. The
improved method can avoid the dead-locking phenomenon of the APF in mobile

robotics.

To decrease the possibilities of two-robot collision in the transportation, besides
the function of local collision avoidance a global strategy considering the whole

transportation process is also presented for the collision avoidance.

A control software platform has been developed using the Microsoft C#Net
framework. It includes the RRC, the RBCs, the RACs and their GUIs & APIs.
Based on this platform a laboratory transportation activity can be organized

conveniently.

A My-SQL based network database is established to store the important
information of the transportation system. Based on this database a series of

statistical computation can be made.

A series of XML-based protocols is designed for the API controls among the

different software centers.

A series of transportation experiments has been made in this dissertation to verify
the performance of the developed system. The experimental results show that the
proposed transportation strategy and its corresponding system are effective and

efficient for the life science automation.
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Abstract

In modern laboratories, more and more complicated transportation is desired among
distributed automatic workbenches and rooms. In this dissertation a new method is
presented to control and organize the transportation in life science environments by
using kinds of mobile robots. The new innovative points of this method are listed as
follows:

<>

Firstly, a flexible system is developed for this method, including four control
levels: the Process Management System (PMS) for the transportation request, and
Robot Remote Center (RCC) for the transportation management, the Robot
Boarding Center (RBC) for the transportation motion execution and the Robot
Arm Component (RAC) for the transportation arm execution. This system
architecture suits for any sizes of laboratories and any kinds of mobile robots.

Secondly, a hybrid network is proposed for the data communication of the
transportation. It consists of a Robot Internal Network (RIN) and a Robot
External Network (REN). The former is for the robot boarding measurement and
the latter for the communication between the robots (RBCs) and the RRC. An
option by equipping one kind of wireless bridges between the RRC and the RBCs
is also provided for the possible super long-distance transportation and huge data
transmission.

Thirdly, a new method is presented for the robot indoor localization in laboratory
environments. It 1is comprised of two working components: ceiling
landmark-based global one and floor landmark-based local one. The first one
considers the expansibility and the economy of the localization and the second
one focuses on the accuracy of the localization. They can cooperate together to
obtain the satisfactory robot positioning performance for the transportation.

Fourthly, a new computational framework is designed for the path planning of the
transportation. It includes two working modes: map theory-based peer-to-peer
one and artificial intelligence-based patrol one. In the first kind, a hybrid method
using the Floyd algorithm and the Dijkstra algorithm is presented. In the second
one, a method adopting both of the Genetic Algorithm (GA) and the Artificial Ant
Colony Algorithm (AACA) is proposed. Based on this path planning frameworks,
the transportation with different numbers of waypoints can be executed easily and
effectively.

Fifthly, a new method is proposed to improve the performance of collision
avoidance in the adopted H20 robots. In this method one kind of depth sensors
named Microsoft Kinect is adopted to detect the obstacles and a global-based
strategy considering the whole path planning is proposed for the collision
avoidance. This method can decrease the possibilities of transportation collisions.
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< Sixthly, a completed method is developed to manage the robot recharging in the
transportation. It is comprised of three aspects: an embedded software component
is programmed for the robot real-time power measurement; a fully-automated
charging station is discussed and a computational algorithm using the Artificial
Immune Algorithm (AIA) is put forward to optimize the best installing positions
of the charging stations in laboratories.

<~ Finally, a group of experiments is provided to demonstrate and verify the
performance of the developed transportation system. The results show that the
presented methods and developed centers for the mobile robot transportation in
life science laboratories are effective and efficient.
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Zusammenfassung

In modernen Labors werden Transportaufgaben immer komplexer durch verteilte
automatisierte Workstations, Systeme und Anlagen. In dieser Dissertationsschrift wird
ein neues Verfahren vorgestellt, das Steuerung und Organisation von
Transportaufgaben in Life Science Laborumgebungen und den FEinsatz mobiler
Robotik realisiert. Die neuen innovativen Eigenschaften dieses Verfahrens sind
nachfolgend aufgefiihrt:

< Erstens es wurde ein flexibles System fiir dieses Verfahren entwickelt, das vier
Steuerungsebenen beinhaltet: Das Prozess Management System (PMS) fiir
Transportauftrige, das Robot Remote Center (RRC) fiir das
Transportmanagement, das Robot On-board Center (RBC) fir die
Transportsteuerung und die Robot Arm Component (RAC) fiir die Steuerung der
Roboterarme. Diese Systemarchitektur kann angewendet werden flir jede
Laborgréf3e und beliebige Formen von mobilen Robotern.

< Zweitens wird eine hybride Netzwerkstruktur fiir die Transport-
Datenkommunikation vorgeschlagen. Sie besteht aus einem Robot Internal
Network (RIN) fiir interne Komponentenkommunikation und Robot External
Network (REN) fiir die Kommunikation zwischen Robotern (RBCs) und dem

Robot Remote Center. Fiir gebdudeweite, unterbrechungsfreie
Drahtlosnetzwerkverbindungen der Roboter wurden wireless peer-to-peer Bridges
eingesetzt.

< Dirittens wird ein Verfahren der Indoor Lokalisierung in Laborumgebungen
préasentiert. Es besteht aus zwei Komponenten: Globale Navigation anhand von
Landmarken an der Labordecke sowie lokale Navigation anhand von
FuBbodenmarken. Wihrend die erste Komponente die gebdudeweite effektive
und erweiterbare Lokalisation ermoglicht, dient die zweite Komponente zur
genauen Positionierung der Roboter an charakteristischen Arbeitsstationen. Beide
Komponenten  arbeiten = kooperierend, um  gemeinsam eine  hohe
Positionierungsperformance zu erreichen.

<> Viertens wurde ein neues Softwareframework fiir die Pfadplanung der Transporte
erarbeitet. Dieses beinhaltet zwei Arbeitsmodi: Graphentheorie basierte Punkt zu
Punkt Verfahren und KI basierte Bewegungsverfahren. Erstere beinhalten Floyd-
und Dijkstra Algorithmen, letztere nutzen Genetische Algorithmen (GA) und
Artifical Ant Colony Algorithmen (AACA). Unter Nutzung und Kombination
dieser Methoden in einem Framework konnen Transportprozesse mit
verschiedenartiger Art und Anzahl von Wegpunkten leicht und effektiv realisiert
werden.

< Fiinftens wird ein Verfahren zur Verbesserung der Kollisionsvermeidung unter
Nutzung der vorhandenen Roboterplattform H20 vorgestellt. Bei diesem
Verfahren wird unter Nutzung der Microsoft Kinect Plattform mit Laserscanner —
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Kamera Kombination die globale Pfadplanung mit der Funktionalitit der
Kollisionsvermeidung kombiniert. Dieses Verfahren hilft, Transportprobleme
durch Kollisionen zu vermeiden.

<> Sechstens wurde das automatische Energiemanagement mit eigenstindiger
Wiederaufladung der Akkus der Roboter an Ladestationen entwickelt. Dieses
nutzt drei Aspekte: Integrierte interne Roboter Echtzeit Energiemessung,
automatisierte  Ladestationen und die Bestimmung der giinstigsten
Installationspositionen fiir Ladestationen unter Verwendung eines Artifical
Immune Algorithmus (AIA).

< Abschlieend wird eine Reihe von Experimenten dokumentiert, mit der die
Performance des entwickelten Transportsystems erprobt und demonstriert wurde.
Die Ergebnisse dieser Untersuchungen zeigen, dass das entwickelte System und
seine Steuerumgebung fiir die Transportprozesse unter Verwendung mobiler
Robotik in Life Science Laborumgebung effektiv und effizient sind.
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