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QOutline

» Module 1: Robot’s Advanced Body
» Module 2: Robot’s Advanced Perception
» Module 3: Robot’s Advanced Planning

» Module 4: Robot’s Advanced Control
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About NTU
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Remember NTU’s Vision ...

Drive Global Impact

Transform Education

Operational
Excellence

Build Talent & Leadership Bench Strength

House of Talent
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Remember NTU’s Mission ...

Education House of Talent

We deliver transformative educational
We attract, develop, and retain the very best

people to drive excellence across the
University.

experiences that make our students both
future- and Al-ready, so they are sought after
by employers.

Research, Innovation and Enterprise

Hub of Global Impact
We pursue breakthrough discoveries. We P

integrate technology and the humanities to We drive global tin all that we do. W
address global challenges. We accelerate SAEVE SIODAHNPACE IR Al ENAL WEG0. Y\ S

cutting edge innovation and create promising pursue long-lasting global partnerships with
new enterprises. like-minded institutions across the world.
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Education is to help citizens to fulfill their missions on
Earth, which include: to understand the world and to
improve the world ...

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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About You
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Remember your mission as MAE
undergraduates ...

»You are here to grow your knowledge
and skills so as to be able to design
machines with controllable behaviors
and hopefully in some intelligent
ways.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to fulfill your mission?

» To apply learnt knowledge and skills into the implementation of the following
universal blueprint underlying all the intelligent machines or systems.

User’s
Instructions : :
Planning Digital || Perception
Modules Workspace Modules
Autonomy T
Control Sﬁsntcelénrs Actual
Modules Control Workspace
Automation
Sensory
Modules
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About Course
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Why to study this course?

» Toward Using Robot Power to Create Wealth ...

Industry 4.0

HE N ﬁ
7 W
Industry 2.0

s Mass production
» Assembly line
s Electrical energy

Industry 3.0

* Cyber Physical
Systems

* Internet of things

* Networks

* Automation
* Computers and
electronics

Industry 1.0

* Mechanization
* Steam power
* Weaving loom

Robot-Integrated Manufacturing

20xx

1784 1870 1969 Today
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How to study this
course?

» To put yourselves into the
mindset of designers of robots
as products:

» Who are the users?
» What are the needs of users?

» What are your robots which
could meet the needs of your
users or buyers?

» What are the solutions
behind the design of your
robots?

Market Demands or Needs

|

Product Specifications

{

Design Specifications

{

Conceptual Design

\

Selection of Materials/Components/Devices

{

Embodiment Design
Prototyping

Optimizing
'

Production

Marketing

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What to
Learn?

Roadmap of Learning:

Perception of Photometry
Perception of 2D Geometry

Robot’s

Key Take-aways Advanced

Q1: What is the energy
flow?

Q2: What is the signal
flow?

Q3: What is the
knowledge flow?

Q4: What is the
relationship between
energy flow and signal
flow?

Q5: What is the
relationship between
signal flow and
knowledge flow?

Perception of 3D Geometry

) Perception
Mechanical Systems

Control Systems
Programming Systems

Key Take-aways

Robot’s Robot’s
Advanced Advanced
Body Planning

Task Planni
Key Take-aways ask Planning

One Machine

Three Benefits
Four Pillars

B wnN =

Two Capabilities

Action Planning
Motion Planning

Robot’s
Advanced

Dynamics under Control
Control in Joint Space
Control in Task Space

Key Take-aways

Control

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to Apply?

Talking Task Space Joint Space
Seeing
. Reading
«  Thinking [(x,%,%) ] ~
+  Learning (s 3 7) Inverse Kinematics (91,91,51) |
Robot Intelligence (2,2,%) / \ (92,92,92)
) o Kinemati
@ RobotMind | | %00 ematics . S
(6’y,9y,9y) How to simulate motions? (9 enagn )J
How to program motions? | (9 ¢ 4.) | Forward Kinematics
Application
Domains Robot Control | |
How to simulate motions? (9 9 0)
Robot Dynamics " Des.lred
- . - Motions
(01391991) T «— |
. . P 1
(6,,60,,6,) < ¥ Control - |«
______ < Actuator |« Amplifier |* P
T Algorithms [ <
1(6,,0,.,0,) |
Robot Body |
__ > Sensors @, éz’ ’ éi) How to control motions?

How to perform motions?
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Terminology Alert

» Advanced Robotics is about the study of advanced
robots which could perform tasks in some intelligent
ways.

» Advanced Robot is a machine which has

» two capabilities (automatic control and autonomous
control),

» three benefits and

» four pillars.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Today’s Lectures ...

» Module 3: Robot’s Advanced Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL

Design, Machine, Control, Intelligence

MA4825 Robotics

Robot’s Advanced Planning

#

Xie Ming, PhD (France) ~

http://personal.ntu.edu.sg/mmxie
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QOutline of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

MA4825 Robotics

Lecture 1

Task Planning

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 1

» Purpose of Task Planning
» Input to Task Planning
» Output from Task Planning

» Process of Task Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 1

» Purpose of Task Planning
» Input to Task Planning
» Output from Task Planning

» Process of Task Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Task Planning

» Task planning is a process which takes job
descriptions as input and produces a
sequence of tasks as output, which are to
be performed by robots.

4 )

Task
Jobs $ Planning fl>TaSkS

o J
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What are tasks which could be performed by robots?

24
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Where to find jobs for robots to do?

» Jobs in » Jobs in Agriculture
Manufacturing
» Jobs in Defence
» Jobs in
Transportation

» Jobs in Education

» Jobs in Services
» Others

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Scenario of Task

Planning in
Manufacturing

Many Jobs

Many Tasks

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Example of Job in Smart Factory

L3 . ‘-\

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Job of Producmg Cars
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Example of Job of Transporting
People and Goods

Information Gathering Infrastructure

Wi »
Falling Objects

4B
Roadway-vehicle o io"r idance

Communication
Infrastructure e nirastructure

Roadway-veh'i"éi"e'?un
Communication

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



in Agriculture

Example of Job
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Example of Job in Hospital

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Job in Restaurant
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Example of Job in School
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Example of Job in Smart City

BY 2050

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 1

» Purpose of Task Planning
» Input to Task Planning
» Output from Task Planning

» Process of Task Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Input to Task Planning

» The input to task planning is the description
of a given job in the form of natural
languages.

4 )

Task
Jobs $ Planning fl>TaSkS

o J
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What should be inside
the description of a
given job?

Answer:

i

1. The outcome of job
to be achieved

2. The space in which
the job is to be
undertaken

3. The time within
which the job is to be
undertaken
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Jobs in Manufacturing

Engineering
materials

Finished Product

|
|
|

I L]

Product Manufacturing i _ Manufacturing
Design support systems <—| * ! support
_______________________________ | _ Quality Control _| ___i J
Y Systems !
H |
Manufacturing !
systems !
|
| > Facilities

I
|
|
|
|
|
|

1
i lity =
Automation and Control Quality |Specification — Measurement]|
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Lecture Slides 2019 - onward/MA6236 Lecture XM 2 - Sensors in Manufacturing (Part 1).pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 3 - Control in Manufacturing.pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 1 - Systems in Manufacturing.pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 4 - Processes in Manufacturing (Part 1).pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 4 - Processes in Manufacturing (Part 2).pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 3 - Control in Manufacturing.pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 2 - Sensors in Manufacturing (Part 2).pptx

Nanyang Technological University

Example of Manufacturing Jobs  [ks:Key system
KC: Key Component

» From Design to Marketing/Sales

© Design  Assembly -

Manufacturing
KCs

Product KC tree Assembly KC tree

l:m IU

Pl'odllct Prodllct
drawing Pargg o
Wings

Manufacturing

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Another Example of Manufacturing Job

» From Design to Marketing/Sales

KS: Key System
KC: Key Component

Product

»

Marketing and Sales

»

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 1

» Purpose of Task Planning
» Input to Task Planning
» Output from Task Planning

» Process of Task Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Task Planning

» The output of task planning is a sequence of tasks
which could lead to the accomplishment of
intended outcome of a given job.

4 )

Task
Jobs $ Planning J‘>TaSkS

o J
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Internal Output of Manufacturing Systems

Engineering
materials

Finished Product

|
|
|

I L]

Product Manufacturing i _ Manufacturing
Design support systems <—| * ! support
_______________________________ | _ Quality Control _| ___i J
Y Systems !
H |
Manufacturing !
systems !
|
| > Facilities

I
|
|
|
|
|
|

1
q lity =
Automation and Control Quality |Specification — Measurement]
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Lecture Slides 2019 - onward/MA6236 Lecture XM 2 - Sensors in Manufacturing (Part 1).pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 3 - Control in Manufacturing.pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 1 - Systems in Manufacturing.pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 4 - Processes in Manufacturing (Part 1).pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 4 - Processes in Manufacturing (Part 2).pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 3 - Control in Manufacturing.pptx
Lecture Slides 2019 - onward/MA6236 Lecture XM 2 - Sensors in Manufacturing (Part 2).pptx

Nanyang Technological University

Tasks as Internal Output A S

in Manufacturing o] | L

processes

Deformation
processes

Material
removal

Processing
operations

Property Heat
enhancing processes treatment

Cleaning and

- surface treatments
|| Surface processing
operations

Coating and
Manufacturing | | deposition processes
processes

] Welding

Permanent Brazing and
joining processes soldering

Adhesive
|| bonding

Assembly
operations

Threaded
fasteners

Mechanical
fastening

Permanent
fastening methods

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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In general, there are five typical
types of jobs in manufacturing:

» 1. Doing deformation processes

» 2. Doing material removal processes
» 3. Doing solidification processes

» 4. Doing assembly processes

» 5. Doing material handling processes

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Examples of Deformation Processes

~
Direct extrusion ~ Extruded

product
@
-
Ra’m

Die
indirect extrusion  Extruded

L}
AWater Cooling

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Examples of Material Removal Processes

Starting Diameter i
Workpiece  diameter Chip  after tuming Rotation
* Faad Ml“lng Raotation
Drill bt cutter L Materia
& removed
Work part
Waork —
. ) ol .
Single point Hole L -
Feed
(2} {b) &)

) Sculpturing rbbots
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Example of Material Removal Processes

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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xample of Material Removal Processes
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Examples of Solidification Processes

1 2 3 4

=

Pattern's production Mould's production, Casting Checkout
realized in foundry (dismantiing of mould,

sand contained in feedheads cutting, clening
metal frame of casting surface).

/_ —
-— ‘a Alminiuniwinis
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Example of Solidification Processes

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Solidification Processes

4

1

" #% PAINT TOOL for painting
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Examples of Assembly Processes
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Example of Assembly Processes

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Assembly Processes

95
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Example of Assembly Processes

Example of Components

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Material Handling Processes

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Material Handling Processes

58



Nanyang Technological University

Example of Material Handling Processes

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Material Handling Processes

) < v
T T Y a
2 - % . .

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Outline of Lecture 1

» Purpose of Task Planning
» Input to Task Planning
» Output from Task Planning

» Process of Task Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to do task planning?

» Scenario 1: You are the buyers or users of robots
» Human-Asisted Task Planning

» Scenario 2: You are the designers of robots
» Task Planning by Robot

4 )

Task
Jobs $ Planning fl>TaSkS

- /
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Scenario of Human-Asisted Task Planning

A Given
Job » Synthesis of Text
in Mind | PersonA |
A 4
Synthesis of Speech > Speech to Text
Job
Description v
Synthesis of Writing »| Textto Meanings
v Task 1
Meanings to Decisions Task 2
v Task 3
Decisions to Tasks e
Task n-1
Task n

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Activities Related to Jobs
in Manufacturing

CIM
} CAD CAM CAM Computerized ||
I Geometric modeling CAPP Process control Business Systems I
|| Engineering analysis 5 NC part program. 5 Quality control .| Orderentry I
I'| Design review/eval. Production schedule Shop floor control Customer billing |
: Automated drafting Mfg resource Inventory control Payroll :
[ planning Accounting, etc. I
: A A J A :
[ R e e ] P I -
(1) y (2) y (3) y (4) y
Product _ | Manufacturing _ | Manufacturing _ Business > Customer
design @ “| planning - control "l functions o~ market

4 A

Factory
operations

Customer feedback to design

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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From Marketing/Sales Activities to Product Design ...

Part Explosion Diagram

(802

1M

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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From Product Design to Product-Making Planning

Yearly Quantity

Purchased Parts Produced Parts

Monthly Quantity
Purchased Parts Produced Parts

Weekly Quantity
Purchased Parts Produced Parts

Daily Quantity
Purchased Parts Produced Parts

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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From Product-Making Planning to Process-Deployment
Planning

;

Starting raw Basic Secondary Property-enhancing Finishing Finished
L —— . e
material process processes processes operations product

i
U 0 SO

Basic Process Secondary Process(es) Property-Enhancing Processes  Finishing Operations
Sand casting Machining (none) Painting

Die casting (none, net shape) (none) Painting

Casting of glass Pressing, blow molding (none) (none)

Injection molding (none, net shape) (none) (none)

Rolling of bar stock Machining Heat treatment (optional) Electroplating
Rolling of sheet metal Blanking, bending, drawing (none) Electroplating
Forging Machining (near net shape) (none) Painting

Extrusion of aluminum Cut to length (none) Anodize

Atomize metal powders Pressing of powder metal part ~ Sintering Painting

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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From Process-Deployment Planning to Work-Schedule

A OperatiOnS Part No: Part Name: Rev. f
- 031393 Housing, valve 2 Page 1 of 2
- Matl: ) Size: ] Pianner; Date;
416 Stainiess 2.0 dia x 5. long MPG 3/13/ XX
Tooling, | Setup | Cycle
No. | Operation Dept. | Machine | gages | time | time
10 | Face; rough & finish turn to L 325 G857 | 1.0h |822m
1.473 + 0.003 dia. x 1.250 + 0.003
length; tace shouider to 0.313 + 0.002;
finish turn to 1.875 + 0.002 dia.; form 3 grooves
(| at 0.125 width x 0.063 deep.
- 20 | Reverse; face to 4.750 + 0.005 L 325 05h |3.10m
length; finish turn to 1.875 £ 0.002 dia.;
drilt 1.000 + 0.008, -0.002 dia. axial hole.
30 | Drill & ream 3 radial holes at 0.375 £ 0.002 dia. D 114 F511 0.3h |250m
- 40 | Mill 0.500 £ 0.004 wide x 0.375 + 0.003 deep slot. | M 240 F332 ] 0.3h |1.75m
[ 50 | Mill 0.750 + 0.004 wide x 0.375 + 0.003 deep flat. M 240 F333 | 0.3h |1.60m
=
O — — — —

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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From Work-Schedule Planning to Factory Automation

Production system

4 A
____________________________________________________ 'i ™~
|
I
Manufacturing i | Manufacturing
support systems [<—— * ! support
_________________________________ Quality control | 1,
Y systems !
|
Manufacturing i
systems !
|
+ f | > Facilities
— I —
Englnec_arlng Manufacturing processes and assembly operations |—+t» Finished
materials ! products
|
|
|

Control Sensing

|

Automation and Control

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Computer-Aided Factory Operations

h > o) 0:03/2:23
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Scenario of Task Planning by Robots
| Human Being |

A Given
Job » Synthesis of Text
in Mind | Robot |
A
Synthesis of Speech »  Speech to Text
Job v
Description v M
Synthesis of Writing »| Textto Meanings | |
\4 )<\
Meanings to Decisions
2 >< Task 1
D_."tTk ) | Task 2
ecisions to Tasks >
\// Task 3
O tuniti Task n-1
pportunities Task n

For Al Research

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Could today’s robots understand
human languages? Comnd>  CFespored

Speech to Text
Conversion

Text to Meaning
conversion

Intended Meaning or
Understood Meaning

Opportunities
For Al Research

Speech or Scene
* Speech Speech Synthesis

Human Being

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Challenges and Opportunities ...
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Summary of Lecture 1

» Purpose of Task Planning
» Input to Task Planning
» Output from Task Planning

» Process of Task Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

MA4825 Robotics

Lecture 2

Action Planning

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Action Planning

» Action planning is a process which takes
the description of a task as input and
produces a sequence of actions as output,
which are to be performed by robots.

4 ) 4 )
J\ Task l\ Action
Jobs _l/ Planning ‘>Tasks l/ Planning ‘>Actions

o ) o )
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What are actions that robots can perform?

» Actions by Robot Arms
- To push / To pull / To Follow / To Throw

» Actions by Robot Hands:

» To open / To close / To perform complex actions

» Actions by Robot Legs:
» To support / To carry / To push / To swing

» Actions by Robot Wheels:

» To move forward / To move backward / To turn

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Actions in Manipulation (1)

Open/Close/Move/Pick/Place

81
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Actions in Manipulation (2)

» Move To/Move With/Move Along

\

- e
] s T T N R O ety R
» K . .
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Actions in Manipulation (3)

» Open/Close/Move To/Move With/Move Along

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Actions in Wheeled Locomotion

Move Forward/Move Backward/Turn Left/Turn Right

84



Actions in Legged Locomotion (1)

Actions in a Walking Task: Support/Push/Carry/Swing

85



Actions in Legged Locomotion (2)

Actions in a Walking Task: Support/Push/Carry/Swing

upport Carry
Pus
g

86




Actions in Legged Locomotion (3)
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Actions in Flying Locomotion

» Actions in a Flying Task: Take-off/Landing/Turn/Move
Forward/Backward/Move Up/Down

Left Image Camera Model

et Bt

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



More example ...
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Outline of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Input to Action Planning

» The input to action planning is the description
of a given task in the form of natural

languages.
4 I 4 I
J\ Task l\ Action
Jobs _l/ Planning fl>TaSkS l/ Planning fl>Acti0nS
\_ J \_ J
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What should be inside the
description of a given task?

Task 4
Answer: r‘ ?

Task

» 1. The outcome of task Taskcs \ﬁ\ r pe——
to be achieved
: 4-

a
5

Task 2
» 2. The space in which K Task
the task is to be /
undertaken _*_,

Task 10

» 3. The time within which Task

the task is to be g
undertaken

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Task Description as Input

A robot arm picks
up a bottle at
incoming conveyer,
and places it into a
specific location
inside the box at
outgoing conveyor.

It repeats the
operations until the
box is full.
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Example of Task Description as Input

An AGV transports
part A into the
workspace.

A conveyor
transports part B
into the
workspace.

A robot arm picks
up part A and
places it onto the
outgoing
conveyor.

The robot arm
picks up part B
and inserts it into
part B.
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Outline of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing
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Output from Action Planning

» The output of action planning is a sequence of
actions which could lead to the accomplishment
of a given task.

4 ) 4 )
J\ Task l\ Action
Jobs _l/ Planning fl>TaSkS l/ Planning fl>Acti0nS

- / o /
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What is the action sequence derived from this
material handling task?

97
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Output of a Sequence of Actions

1. To bring in an empty box to the
packaging station.

2. To transport the filled bottles to the
packaging station.

3. To pick up a filled bottle and place it
into the box.

4. To repeat until the box is full.

5. To shift away the full box and to
bring in a new empty box.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



What is the action sequence derived from
this assembly task?

Sk,



Output of a Sequence of Actions

To pick up part A from
the AGV.

To place part A onto the
outgoing conveyor.

To pick up part B from
the incoming conveyor.

To insert part B into
part A.
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What is the action sequence derived from
this sorting task?

evious/Current Values

st File  CAD  Device Layout peyice and Part Positions Previous Values -
Joint Values Previous Values E
Path Attachments and Positions |previous Values -
e Run Type Run To End =
—Capture { 2
Carinirs Stop Time 0.000000 sec
Droppe % 0K Cancel |
File Size
Video Length: 0 Seconds Save Positions

Capture Length: 0 Seconds | Cancel | Restore Positio

— Capture Properties - ‘ Data Readout
Frame Size: 768 x 536 Swept Yolume |

3.0frames/sec Setup

Colors: True Color

Frame Rate:

Compression: Microsoft Video 1
Record Audio:  Disabled Imp OI’: T-Jog

Sel Dev Snap D

rn DevRot De

|Press <CTRL><SHIFT><P> to stop video capture
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Output of a Sequence of Actions

» To pick up a bar of one colour

IGRIP - [ Motion - Simulate ] BﬂPrDviDus/Currem Values

TRl CER. Devics Layaid Device and Part Positions IPrevious Values
» To place it onto the table of the N Joint Values [Previous Values r|
same COlOUI’ DEnEB Path Attachments and Positions |Previous Values E,
IRun To End _vj
Io.oooooo sec
File Size % rO—KI Cancel I

» Repeat for the rest of three bars vdsotengn  DSseonss | ] “Save Positions|
Cepture Length: 0 Secands Cancel Restore Positio
~Capture Properties— ) : Data Readout]
Frame Size: 768x538 ' Swept Volume
Frame Rate:  30frames/sec Setup | Off
. Colors: ‘True Color ]
» To pick up the bar on a table e e 7
Record Audio:  Disahled Tmp Or; T-Jog

Sel Drey'Srnap‘D"
[Trn DevRot Devi

[Press <CTRL><SHIFT><P> ta stap videa capture:

’ TO place it tO the middle Of the [ Light |Camera| Fly | Rotate | Gruise | View | Display. Modes |
table

» Repeat for the rest of three bars
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Outline of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing
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How to do action planning?

» Scenario 1: You are the buyers or users of robots
» Human-Assisted Action Planning —— (Human Assistance)
» To user natural languages
» To use programming languages and library functions
» Scenario 2: You are the designhers robots
» Action Planning by Robots ——> (Robots with Intelligence)
» Model-Guided Action Planning

» Sensor-Guided Action Planning

e ) 4 )
J\ Task l\ Action
Jobs _l/ Planning fl>TaSkS l/ Planning fl>Acti0nS

o / o /
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Model-Guided Action Planning

» Use of Assembly Task Model

LT LA T T L T L T T L T A T
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Output of Action Sequence

» Action A1:
» Put part A and part B together A B

» Action A2: @

» Add part C to the sub-assembly %
/‘
5 (B 2
%
» Action A3: 9%
» Add part D to the sub-assembly OOQ

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Model-Guided Action Planning

» Use of Machining Task Model

Hole 1

Side 3 Hole 2
:l'> O

Side 1

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence
» Action A1:
» Drill hole 1 at side 2
> Action A2: (2

» Drill hole 2 at side 2

47
%, (3
» Action A3: %
e
» Remove a sub-block at side 1 ”o(.Q

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Sensor-Guided Action Planning

Hardwatre and low level contTo by SRC

High level control & grogr ammmq Dy ETR
N .
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Human-Assisted Action Planning

& Virtual Robot ¢ Real Robot

Current View [Operator (Eye) | @ Keyboard ¢ Speech
Current Robot |John | « Joystick l—«l
=R —
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Outline of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing
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What is the action sequence derived from
this task description (Sand Casting)?

» The task is to make use of molten metals and a
mould of cavity of a specific shape in order to
produce metal parts of the shape of the mould’s
cavity.

Pouring cup

Cast metal in cavity

Cast metal
Cope

Downsprue Parting line

Runner
Flask
Mold

Drag

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

» Melding of Raw Metals :

© _J+—— Copper induction coils

Molten metal
(arrows indicate

» Pouring of Molten Metals miing action)

I~ Refractory material

» Solidification and Cooling Induction Furnace

» Removal of Mould

» Cleaning and Inspection of Finished Casting

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Injection Moulding)?

» The task is to make use of molten polymer
and a mould of cavity of a specific shape
in order to produce plastic parts of the
shape of the mould’s cavity.

Feed hopper Heaters Barrel Stationary platen

Movable platen
Cylinder for screw-ram Reciprocating screw Mold

- /\ f Tie rods (4)
Nozzle
L\

i ' e et
I -:-_.’_'_I—IA—IL-

Clamping
cylinder

|
—B [

O e
| |
== /A /A /B /Ay [ AN | S 1

' —
: ™~ Motor and gears Nonretum ' = Hydraulic
for screw rotation ~ valve cylinder

’, s

|—‘- Injection unit =|< Clamping unit ——————»'
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Output of Action Sequence

» To close the mould

» To melt and homogenize the polymer

» To inject the molten polymer into the cavity of mould
» To keep the mould closed during injection

» To open the mould

» To remove the finished parts

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Forging)?

» The task is to make 1
use of impacts or Sover die
gradual pressure to Workpiece

compress hot
metals into desired @
shapes. 1

Lower die (stationary)

Workpiece

Upper die

Flash e —

Lower die (stationary)

(b)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

Forging by Impact Forging by Gradual Pressure

» Workpiece of metal is heated » Workpiece of metal is heated
into a temperature. into a temperature.

» Workpiece is placed on lower » Workpiece is placed on lower

die. die.

» Upper die (or punch) exerts » Upper die (or punch) exerts
an impact onto the gradual pressure onto the
workpiece. workpiece.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Bending)?

» The task is to make use of a punch to exert strain
along a straight axis on a surface of a metal sheet
(which is placed on a die) so as to create a
desired bending angle.

L |

Punch
Pressure pad
1 ! :ﬁi Die
a .

(1) (2) M
(a) (b)

V-Bending Edge-Bending

Die

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

V-Bending Edge-Bending
» A metal sheet is placed on a » A metal sheet is placed on a
die. die.

» The metal is held against the

» A punch exerts a force and die by a pressure pad.

presses the metal sheet
against the die.
» A punch exerts a force and

presses the metal sheet
» The punch is lifted up, against the die.

» The punch and the pressure
pad are lifted up.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Turning)?

» The task is to make use of movable cutting tools
which act on a rotating workpiece for the purpose of
removing layers of materials (i.e. chips) so that the
original surface of the workpiece is transformed into
a new surface of a desired shape.

Work New surface
} Speed motion (work)

Feed motion
(tool)

Cutting tool

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

» To load and fix the workpiece onto
a rotating head.

» To rotate the workpiece.

» To advance the cutting tool until
the final shape is obtained.

Tocl

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Milling)?

» The task is to make use of rotating cylindrical
tools with multiple edges in order to remove
materials from a movable workpiece so as to
produce workpieces with desired surface profiles.

Qverarm

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

» To attach and rotate cylindrical tool.

» To fix a workpiece on a movable table.

» To feed the workpiece to the rotating
tool until the desired surface profile is
obtained.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Welding)?

» The task is to make use of heat and/or pressure
in order to join two workpieces together with
their contacting surfaces or faying surfaces.

Electrode holder

Electrode (consumable Electrode cable

or nonconsumable) N
Filler metal \\- Welding machine
Direction of travel ~t—— (sometimes) \ [ 9
Arc / . AC ordc
U Solidified \

‘ AR s 'r,"i g weld metal - DOWGI’
Work s L - source
Molten weld metal Clamp Work cable
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Output of Action Sequence

» To place two workpieces so as to e , :
form the desired joint. Types of Jjoints In Weld'ng

» To generate and apply heat and/or
pressure along the contacting surface —
while supplying filler metals if Corner joint Lap joint
needed.

» To inspect the welded joints.

Tee joint Edge joint

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Assembly)?

» The task is to make use of fasteners which is to
mechanically attach two or more parts together
in order to create a final product of a desired
structure or mechanism.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

» To place two parts together with correct alighnment.
» To insert fasteners

» To tighten fasteners

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Future Goal of Making Robots to
Understand Task Descriptions or Models

Dee Tr—— Opportunities
escription > ndaerstan
at Input ] For Al Research
Job to Tasks _ RobotB |
Task Descriptions > Understand
Action

Description

Task to Actions
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Summary of Lecture 2

» Purpose of Action Planning
» Input to Action Planning

» Output from Action Planning
» Process of Action Planning

» Task Models in Manufacturing

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

MA4825 Robotics

Lecture 3

Motion Planning

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie
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QOutline of Lecture 3

» Purpose of Motion Planning
» Input to Motion Planning
» Output from Motion Planning

» Process of Motion Planning
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QOutline of Lecture 3

» Purpose of Motion Planning
» Input to Motion Planning
» Output from Motion Planning

» Process of Motion Planning
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Definition of Motion Planning

» Motion planning is a process which takes
the description of a given action as input
and produces a sequence of motions as
output, which are to be performed by
robots.

4 ) 4 )

J\ Action J\ Motion
TaSkS_l/ Planning ‘>Actions_l/ Planning fl>Motions

\_ J - )
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What are motions that robots can perform?

Linear Motion Angular Motion

» Move To Linear Position » Rotate To Angular Position

» Move With Linear » Rotate With Angular
Displacement Displacement

» Set Linear Speed To » Set Angular Speed To

» Set Linear Acceleration To » Set Angular Acceleration To

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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<Move To> Linear Position
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Example

» One ASIMO robot walks along a X axis. The record of the robot’s
positions is shown in the figure below. What is the position of the
robot at the time instance of 18 seconds?

806 Motion Graph
2| & a]@|E\] ]~ @]A]¢]=] e +]x]k]-
14
1 | RobotWalking |
10
< e
£ B
= B
%4: C D
S A
21
0
T T T T T L D T U T T
a 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time( s ) y

» Answer: the position when t = 18 seconds is: x = 2.0 meters.
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<Move With> Linear Displacement

Ar=r(t,)—r(t) o

Y r(t) = J’(t1)§
z(t,) r
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Example

» One ASIMO robot opens the cap of a cup at location (10.0, 20.0,
30.0) (cm) and places it at location (30.0, -10.0, 10.0) (cm). What
is the displacement of the cap?

» Answer:

» Itis: (30.0, -10.0, 10.0) - (10.0, 20.0, 30.0) = (20.0, -30.0, -20.0) (cm)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)


http://www.google.com.sg/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCPe2javM3MYCFUmPjgodkZgHhQ&url=http://spectrum.ieee.org/automaton/robotics/humanoids/honda-robotics-unveils-next-generation-asimo-robot&ei=bgmmVffHAsmeugSRsZ6oCA&bvm=bv.97949915,d.c2E&psig=AFQjCNGM6DxyKAaOuy3AxbeWXQtQOWCByA&ust=1437031144668425
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Set Linear Speed To

r(ty) —rt) ]

vltnh)=—"— x(t,)

RV (SR V(Y

v(t) = %r(t) (0
—
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Example

» One ASIMO robot opens the cap of a cup at location (10.0, 20.0,
30.0) (cm) and places it at location (30.0, -10.0, 10.0) (cm). It
completes the motion within 2.0 seconds. What is the average

velocity of the cap’s motion?

» Answer:

» Itis: (20.0, -30.0, -20.0) (cm) / 2.0 (s) = (10.0, -15.0, -10.0) (cm/s)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Set Linear Acceleration To

U(tz, t3) — v(tl) tZ) a(t)=iV(f)
t3 —t at
3 1

a(tll t3) —

x(t)) |

_X(t3)_ /\Y r(tl) — y(tl) Q
_ _Z(tl)
r(t (t3) / r
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Example

» Aball on a floor is at rest. Then, one ASIMO robot kits the ball
which reaches the velocity of (1.5, 0.0, 0.2) (m/s) within a time

period of 0.5 seconds. What is the average acceleration of the ball
during the kick-off?

» Answer:
» Itis: (1.5, 0.0, 0.2) (m) / 0.5 (s) = (3.0, 0.0, 0.4) (m/s2)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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<Rotate To> Angular Position
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Example

» A person is sitting on a bloc as shown in the figure below. What is
the angular position of the leg’s lower limb (i.e. tibia link)? And,

what is the angular position of the leg’s upper limb (i.e. femur
link)?

> ANSWer:  The angular position of leg's lower limbis : 6,

The angular position of leg's upper limbis: 6,

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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<Rotate With> Angular Displacement

~
<
=2
9= /;;.
= _':
T, _
g /\
‘K\. >
AN
\\ 2 '4 (A

AO=0(t,)—-0(1,)
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Example

» A person is lifting up an object by the angular motion of one
elbow joint as shown in the figure below. What is the angular
displacement depicted in the figure?

» Answer: the angular displacement of elbow joint is 90.0 degrees.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Set Angular Speed To

/\Y
a)(tl ] tz) _ e(tZ) o e(tl)
L, —1
o(t,)
o)
d , | X
(1) = = (?)
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Example

» Arobot consists of three arms
(or links) as shown in the
figure. The records of its
three joint angles are shown
in three plots respectively.

| T

» What is the angular velocity of g \ | O\ ;
the second joint within the - A\ o\ |
time internal of [3, 6] AR L =
seconds? . L i

» Answer: ) 1
I A L L T R

©2(3:0.6.0) =50 "30 * 180 LR RN AR i

= 0.067 rad/s = L |
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Set Angular Acceleration To

{y
=

w(t,)— o(t,)
L, —1

a(t,t,) =

gy, r

a(t) = a%a)(t) | |

L" = I,'n‘.'r.lg = I,me= L,F

/ O\

Smaller  Larger
thanl;  than w;
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Example

» One QRIO robot throws a ball as shown in the figure. The robot
throws out the ball within a time duration of 0.5 seconds. And,
the angular velocity of the ball is 0.8 rad/s when it exists the
hand of the robot. What is the angular acceleration of the ball
during the throwing process?

> Answer: 2(0.0,0.5) = 08-00 _ 1.6 rad/s’
0.5-0.0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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QOutline of Lecture 3

» Purpose of Motion Planning
» Input to Motion Planning
» Output from Motion Planning

» Process of Motion Planning
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Input to Motion Planning

» The input to motion planning is the description
of a given action in the form of natural

languages.
4 N 4 N
J\ Action J\ Motion
TaSkS_l/ Planning ‘>Actions_l/ Planning fl>Motions
- J . J
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What should be inside the —
description of a given action? |%>

Push

1
Walk through r g

\ﬁ r’

Answer:

» 1. The outcome of action
to be achieved

» 2. The space in which
the action is to be

undertaken
» 3. The time within which g} Left-leg  Right-leg
the action is to be Support Push
undertaken Carry | Swing
Push Support
Swing Carry
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What is the action sequence derived from
this task description (Drilling)?

» The task is to make use of rotating drill or drill
bit in order to create holes of desired dimensions
on stationary workpieces.

-+ -

Point angle, 6

[— Q. —
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Output of Action Sequence (Drilling)

Head (power)
» To hold drill bit onto spindle

Adjustable head

» To rotate the drill bit Spindle

Column

Table

» To press the rotating drill bit against a
workpiece

Base

» To move the rotating drill bit down into the
workpiece

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the action sequence derived from
this task description (Soldering)?

» The task is to make use of filler metal which is
melted and distributed into the faying surfaces of
two metal parts in order to join or bond them
together so as to form a permanent joint.

Brazed joint Brazed joint

(c) (d)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output of Action Sequence

Filler rod
» Two metal parts are placed mhx Glearance B,azed,o,m
according to the desired joint.

Parts to be joined
1) @)

» To move the torch and filler @

rod together along the faying Ring of

|
Su rface Paris o be Joined H filler metal J Brazed joint
u th
|
@)

Clearance

» Or, to place the filler metal ©

and to apply heat so as to melt Folof e i
the filler metal. A *

Parts to be joined

M 2

fry
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QOutline of Lecture 3

» Purpose of Motion Planning
» Input to Motion Planning
» Output from Motion Planning

» Process of Motion Planning
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Output from Motion Planning

» The output of motion planning is a sequence of
motion descriptions in the form of script languages
(commands) or library functions, which could lead

to the execution of a given action.

Tasks

~~

-

Action
Planning

o

~

J

Actions

Left-leg

J\
_l/

-

Right-leg

Support
Carry
Push
Swing

Push
Swing
Support
Carry

o

Planning

\
Motion

fl> Motions

J
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How to describe motions?

Use of Script Languages Use of Library Functions

» Moveto | » MoveTo() o
» Move with » MoveWith()

—Soters —Sofers
» Rotate to J » RotateTo() J
» Rotate with » RotateWith()

P P
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What should be inside the description
(commands or library functions) of motions?

Answer:

» 1. Initial Linear and/or
Angular Positions

» 2. Space and Time
Constraints.

» 3. Final Linear and/or
Angular Positions.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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QOutline of Lecture 3

» Purpose of Motion Planning
» Input to Motion Planning
» Output from Motion Planning

» Process of Motion Planning
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How to do motion planning?

» Scenario 1: You are the buyers or users

» Human-Assisted Motion Planning

» Scenario 2: You are the designers of robots

» Autonomous Motion Planning by Robots

Tasks

I\

-

o

Action
Planning

~

J‘>Actions

)

J\

_l/

-

o

Motion
Planning

~

» Use of programming languages and library functions

fl> Motions

J
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Example 1 of Human-Assisted Motion Planning
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Example 2 of Human-Assisted Motion Planning

Action:

To pick up an object.

|

Motion Sequence:

(1) Move to point Ac.
(2) Open the gripper.
(3) Move to point Gp.
(4) Close the gripper.
(5) Move back to point Ac.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example 3 of Human-Assisted Motion Planning

Y
* C * D
[
Y > X
/ Motion Sequence: \ / Motion Sequence: \

Define Point H setp H=(x1, y1)
Define Point A setp A= (x2, y2)
Define Point B setp B = (x3, y3)
Define Point C setp C = (x4, y4)
Define Point D setp D = (x5, y5)
Open Gripper open
Move To A moveto(A)
Close Gripper close
Move To C moveto(C)
Move To D moveto(D)
Move To B moveto(B)
Open Gripper open
Move To D moveto(D)

o DI y
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Example 4 of Human-Assisted Motion Planning

VT SS AL S LA LTSS LS LTSS LT LTSS LSS LTSS LA LS LS LTSS LTSS LSS ST SIS

p1 p2 p3 p4

Motion Sequence
TALLA LS LSS LTS LSS LSS LSS LTSS LSS LS LS LSS LSS LSS LSS LSS LSS SSSSSSSSSS
flearning, Teaching) <c= {Bescarch, Inncyvation) <o> (Leadership, Service)
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Example 5 of Human-Assisted Motion Planning

Room r1 “ R00m r2
Door d1
Door d2
‘ Robot Box Room r3

@
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How to implement script languages
or library functions?

Manually by Designhers Autonomously by Robots

» Move To » Move To

» Move With » Move With

» Speed To » Speed To

» Accelerate To » Accelerate To

» Open/Close Hand » Open/Close Hand

» MoveTo(arguments) » MoveTo(arguments)

» MoveWith(arguments) » MoveWith(arguments)

» SpeedTo(arguments) » SpeedTo(arguments)

» AccelerateTo(arguments) » AccelerateTo(arguments)

» HandOpenClose(arguments) » HandOpenClose(arguments)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Discussion: Level O of Robot Intelligence
or Intelligence Readiness

Jo.b. > Task Planning
Description l

T Action Planning . Robot |

\ 4

Motion Planning

Product
Description — ;’l :
a anning Mot
otion
_ - _ Functions . . .
Trajectory Planning > Motion Execution >

(TL: Technological Level of Readiness for Autonomous Vehicles)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Execution of Grasping Motions

172
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Execution of Motion of Push, Pick and Place
-

R

n

—_

‘23
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Execution of Continuous Motion




Execution of Motion on Land

o) 000/216




Execution of Biped Walking on Land

176
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Execution of Snake-like Motion
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Execution of Motion on Water

» » o) 0:00/415
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Execution of Motion in Water

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Execution of Motion in Air

Il » < 11s58/532

180
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Approach

Discussion: Level 1 of s

. \./:\7;: through ! O
Robot Intelligence or - fJ
Intelligence Readiness gt

(IR: Intelligence Readiness)

| Human Operator | N
IR 3 Support | Push
Carry Swing
Job

Right-leg
o > Task Planning > Swmg | oapport
Description I S tem
("9 | Robot |
Action Planning >
T — _ IR1 Motion .
Motion Planning Description > Path Planning
Product P v
Description Trajectory Planning
(IR 5) Autonomous Motion Planning requires v
!eveI.2 of robot |pteII|gence or Motion Execution >
intelligence readiness.
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Example of Mobility with Level 1 of Robot
Intelligence or Intelligence Readiness

Year 2000l '
LT

s

=2
- .
-y
.
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Example of Grasping with Level 1 of Robot
Intelligence or Intelligence Readiness

Year 2008

R
-ra‘l\u -
o ¢ . —!‘
>

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)




Nanyang Technological University

Summary of Lecture 3

» Purpose of Motion Planning
» Input to Motion Planning
» Output from Motion Planning

» Process of Motion Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

MA4825 Robotics

Lecture 4

Path Planning

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases
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What is the scenario of coordinate
transformations?
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Basics of Homogeneous Transformation in Vision

— Rcamera Tcamera}

Hcamera — O O O 1

-1 -1
H —_ Rcamera _Rcamera X Tcamera
world —
0O 0 O 1
Camera Frame

Image plane Hcamera X HWOT‘ld — I4-><4

H camera — H world
FZ ............
{ ErY ........... Q /
"X
World Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Basics of Homogeneous Transformation in Robotics

H _ Rtooltip Ttooltip
tooltip —

0 0 O 1
» —Riobitip X Troolti
Hworld = [0 togltlp() tOOltlp1 tooltzp‘

Htooltip X Hyorta = laxa

_ -1
Htooltip — Hworld

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Transformation of Coordinates in 3D Space

» The coordinates in the reference frame can be transformed into the
coordinates in the camera frame.

C
Camera Frame Mr -

Image plane 0 0 0

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Practices with Rotational Transformation

Z v Before Rotation Y €
After Rotation 1
n About X Axis 2— ax = 90*pi/180;
X X 3— rx=1[1 0 0 ;
Z 4 0 cos(ax) -sin(ax):
5 0 sin(ax) cos(ax)]:
6
X After Rotation 7— ay = 90*pi/180;
About Z Axis Y 8 — ry = [cos(ay) 0 sin(ay);
After Rotation X 9 0 1 0 ;
Z About Y Axis n 10 -sin(ay) 0 cos(ay)]l:
Z 11
Y 12— az = 90*pi/180;
13— rz = [cos(az) -sin(az) O0;
Camera Frame 14 sin(az) cos (az) O;
15 0 0 117
16
Image plane 17— ¢ B rxrry*rz
18
19

Command Window

New to MATLAB? See resources for Getting Started.

0.0000 -0.0000 1.0000
0.0000 -1.0000 -0.0000
1.0000 0.0000 0.0000

Reference Frame
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases
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Nanyang Technological University

Definition of Path

» Path refers to a series of linear positions (i.e. positions)
and angular positions (i.e. orientations) without time

constraints.
» “Position + Orientation” is called Pose.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Examples of Paths and Discussions

» Discussions:

» Are the motions performed by human beings fuzzy or
crisp?

» How do we perform crisp motions?

» Could robots outperform human beings in terms of
motion execution?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Path Planning

» Path planning is a process which takes the
description (commands or library functions) of
a given motion as input and produces a set of
equations of path as output.

Natural
Languages

l

Actions

J\
_l/

-

o

Motion
Planning

\

b

)

Programming
Languages

l

Motions

J\
_l/

/

o

Path
Planning

~

)

)

Technical
Languages

l

guations
of
Path
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Example of Motion Performed by Robot

e
. “— -

-
=
‘ -

— e 5 = N
S — " s AR ‘.:-EN‘ B
Jp— A N S . -
| e— - - l' . ! — [ l
J—— - ‘_ ' ! " .
e - - .
;‘:— . o J S

Boston Dynamics
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How to represent Linear Positions?

T:Y Yb

Translation Vector

2 Y

Xb

Robot’s Base

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example

» The origin of a mobile robot’s base is at the coordinates (6.0, 4.0)
(m) with respect to the reference coordinate system on the
ground. A power switch of the mobile robot is at the coordinates
(10.0, 0.0) (cm) with respect of the robot base’s coordinate
system. What are the coordinates of the power switch with
respect to the reference coordinate system on the ground?

Yb

» Answer:

r switch
“P="P+ T Y

Xb
00) (40) 4.0

Robot's Base

A J

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to represent angular positions?

Answer:

» Use of unit vectors of
coordinate system assigned to
a rigid body or a robot’s body.

» Use of rotated angles about a
reference axis.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Angular Positions in 2D Space

~ [cos(8) N
: [, =
. —sin( &) b sin(6)
] p—
cos(60) o ©
Robot’s Base
O =X

n cos(d) —sin(6)
| sin(@)  cos(0)

This is the orientation at time t, as the
result of the change of orientation from time t0 to time t.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» What are the orientations of the mobile base at times t1 and t2?

Robot’s Base

» Answer:
---------- Yb
0 (tl) — ‘91 vy
R
H(tz) — ‘92 X2b
. Robot’s Base
O X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» |If we put the unit vectors of axes together to form a matrix. What
is the physical meanings of such a matrix?

~ (cos(0) - [—sm(0)

j
% | sin(@) " cos(6)

N\

cos(d) —sin(B)
sm(6) cos(0)

Answer: Rotation Matrix.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» Arobot’s base has rotated 70.0 degrees about Z axis. What is the
corresponding rotation matrix?

-to(tZ) Yb(tl ) (1)

» Answer:

Robot’s Base

\ 4

A\ J

R o X

SR
This is the orientation at time t2, as the P — R °® P
result of the change of orientation from time t1 to time t2. 4 11,0 5

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» A power switch is located at the position of (10.0, 0.0) (cm) with
respect to the coordinate system of a mobile robot. If the mobile robot
makes a rotation of 70.0 degrees about the Z axis, what will be the
coordinates of the power switch with respect to the robot’s initial
coordinate system (that is the one before motion)?

» Answer: .\‘002) Yb(t,) (t,)

A Yw Xb(t))

Robot’s Base

Y

Ouw X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Angular Positions in 3D Space

X Axis’s Y Axis’s Z Axis’s
Unit Unit Unit
Vector Vector Vector

[

X)) x, () %)
v, v,y @)
_Zi(t) z,(?) Zk(t)_

This is the orientation at time t, as the
result of the change of orientation from time t0 to time t.
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Exercise

» Describe the orientation of the tool’s coordinate system at t2 with
respect to the tool’s coordinate system at t1?

This is the orientation at time t2,

as the result of the change of Another Notation
» Answer: orientation from time t1 to time t2.

This is the orientation at time t2,
as the result of the change of
orientation from time t0 to time t2.

This is the orientation at time t0,
as the result of the change of
orientation from time t1 back to time t0.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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This is the orientation at time {2,
as the result of the change of
orientation from time t1 to time t2.

This is the orientation at time t2,
as the result of the change of
orientation from time t0 to time t2.

This is the orientation at time 10,
as the result of the change of
orientation from time t1 back to time t0.

-1
= o —
Rflafz Rfl»fo Rfon “ Rtl,tz o (Rto,t1 ) ¢ Rto,t2

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» What is the equivalent axis of rotation and the equivalent angle of
rotation, if we are given a rotation matrix?

ity

This is the orientation at time t2,
as the result of the change of
orientation from time t1 to time t2.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Answer

=
|
o
=
o
[\
\®)
o
[\
(%)

ity

This is the orientation at time t2,
as the result of the change of
orientation from time t1 to time t2.

hd hd

Equivalent Axis of Rotation : Equivalent Angle of Rotation :
Cy3, —Cpy 0, = aI'CCOS(C“ + 0222+ C33 _1)
r we, | €376
€21 G2 | Simple and Useful for Adding Time Constraint

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Applications Using Equivalent Axis and Angle
of Rotation: Motion Planning / Animation

» Euler Equation: el® = cos(w) +j sin(w) J
N _, Unit Vector of
j =1—1 " Rotation Axis
Any ve_<>:tor
Generalized Euler Equation: Equation of Unit Quaternion (% /
. o >
» Unit Vector of Rotation Axis:
- l2 — _1
r="ndi+nj+nrk A o
J —1
» Angle of Rotation: 6 k?2 = —1
ijk = —1
» Unit Quaternion: q = e%" = cos(0) + sin(0)7

» Equation of Rotation:ﬁafter = qﬁbefore = (cos(@) + sin(6)7) - 7_7)before

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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More About Quaternion
» Non-Unit Quaternion: q=(a,v)=a+bi+cj+ dk

» Unit Quaternion: q = (cos(),sin(0)7) = cos(@) + sin(O)7

Unit vector of axis of rotation 7

» Sum of Two Quaternions: ¢y = (aq, V1) qz2 = (ay, Uy)
q1 + qz = (ag + a3, V1 + V3)
» Multiplication of Two Quaternions: (1 = (a1, V1) 42 = (az, V)
q1* Gz = (a1a; — Uy - Vs, a1V, + AUy + Uy X V)
» Equation of Rotating a Vector: p = (0, 1}’) q = (cos(0),sin(0)7)

Unew =4V

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases
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Input to Path Planning

» The input to path planning is the description of
a given motion in the form of script languages
(commands) or programming languages (library
functions).

Natural
Languages

l

Actions

J\

_l/

-

o

Motion
Planning

~

b

J

Motions

L}

J\

_l/

-

o

Path
Planning

~N

)

J

Use of script languages
Use of programming languages

Use of
Technical
Languages

"

guations
of
Path
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Description of Motion

Use of Script Language Use of Programming Language

» Move To » MoveTo(arguments)

» Move With » MoveWith(arguments)

» Speed To » SpeedTo(arguments)

» Accelerate To » AccelerateTo(arguments)

» Open/Close Hand » HandOpenClose()

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Motion Description with the Use of Script Language

Arm Manipulators

» “Move To” or MoveTo(): it
refers to motion which starts
at the current pose and
reaches the final pose in
consideration of space and
time constraints.

» Move With or MoveWith(): it
refers to motion which
follows equations determined
by manual or autonomous
planning.

Mobile Bases

>

“Forward To”, “Reverse To”,
ForwardTo(), or ReverseTo():
it refers to motion which
starts at the current pose and
reaches the final pose in
consideration of space and
time constraints.

“Forward With”, “Reverse
With”, ForwardWith(), or
ReverseWith(): it refers to
motion which follows
equations determined by
manual or autonomous
planning.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Comparison between the Use of Script Language and the Use
of Programming Language

% A(30, 35) cm
» B(100, 35) cm
C(30, 45) cm
s ‘D D(100, 45) cm
rﬂA . B H(45, 75) cm
\ > X
ﬁ/lotion Description with Commandsx @)tion Description with Library Functiog
Define Point H setp H = (x1, y1)
Define Point A setp A= (x2, y2)
Define Point B setp B = (x3, y3)
Define Point C setp C = (x4, y4)
Define Point D setp D = (x5, y5)
Open Clipper open
Move To A moveto(A)
Close Clipper close
Move To C moveto(C)
Move To D moveto(D)
Move To B moveto(B)
Open Clipper open
Move To D moveto(D)

o U Y
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases
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Output from Path Planning

» The output of path planning is a set of equations
of motion without time constraints, which will be
the input to trajectory planning.

Use of Technical Languages
4 ) 4 ) _l
J\ Motion J\ Path Equations
Actions_l/ Planning fl>Motions_l/ Planning fl> of
Path
- / - /

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What are typical types of equations of
path?

» Polynomial equations of degree 1
» Polynomial equations of degree 2

» Polynomial equations of degree 3

y=ax’ +bx’ +cx+d
» ... etc.

z=ex>+ fx*+gx+h

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Path for Mobile Bases (1)

Robot’s Base

Robot’s Base

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Path for Mobile Bases (2)

Robot’s Base

Robot’'s Base

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Path for Arm Manipulator (1)

» Equations of Coordinates in X-Y Plane:

» Equations of Coordinates in X-Z Plane:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Path for Arm Manipulator (2)

» Equations of Coordinates in X-Y Plane:

» Equations of Coordinates in X-Z Plane:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» A mobile robot moves in a floor and follows a curved path which is
described by the following equation. What is the matrix form of this
equation?

3.2x% —4.5xy—2.1y> +9.8 =0

» Answer:

3.2x° +(=2.5xp) +(-2.0xy) +(-2.1)»* +9.8 =0

[x y]x_3°2 _2°5_>< +9.8=0
—20 -21| |y
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Exercise

» Express the following matrix equation into the form of polynomials.

» Answer:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» Express the following matrix equation into the form of polynomials.

» Answer:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases
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How to do path planning?

» Scenario 1: You are the buyers or users
» Human-Assisted Path Planning
» Path Planning by Demonstration or Teaching
»Path Planning by Intuitive/Professional Programming
» Scenario 2: You are the designers of robots

» Autonomous Path Planning by Robots
Level 1 of Intelligence Readiness

4 N

J\ Path Equations
fl> of

Motions_l/ Planning Bath
a

\_ /
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Assistance by Demonstration

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Assistance by Teaching

Kinetiq Teaching

Intuitive Robot Teaching for the Agile Factory




Assistance by Intuitive Programming
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Assistance by Professional Programming

Example:

*— Air solenoid
(output 1)

Aluminum billets are loaded in the loading magazine.

Vacuum

«—  gripper The limit switch sensor detects the presence of any
Alumi
“B"}]IQ?ST . billet. The robot is programmed to pick and place the
'P_i_. ........................................ P3

billets into the Bin, one at a time. A vacuum gripper is

equipped at the tip of robot arm. The “open” and

magazin Imlt switch . “ ” .
(input 4) close” actions are under control of the robot.
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<— Air solenoid

(output 1)
Vacuum
gripper
Aluminum
Billets . "=
" Swrnr ﬁs b‘-
ome
Loadind . / L
magazineimit switch :
(input 4)
Bin
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*— Air solenoid
(output 1)

Vacuum
— gripper
Aluminum
Billets . "=

P1

madadazin |m|t S\Nitch
g (input 4)

Bin
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Basic Questions

» Question 1: Input
» What are available inputs?

» Question 2: Output
» What is the goal or output?

» Question 3: Autonomous Path Planning Algorithm

» What is the algorithm which leads to the
achievement of the output from the input?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Answer to Question 1: Input

» Initiate State of Position and Orientation (Pose)
» Final State of Position and Orientation (Pose)

» Geometry of Task Space

 How to represent a task space?

 How to define and represent a
workspace (i.e. a sub-space of
task space) ?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Task Space with a Matrix of Voxels
(e.g. Volume Elements) T

]

A

)
’ 4 1
AN M M M MMM A A A A &
Vet dut dut dut dut dut dut dut dat dut dut dute A
////////////'4/'
A

)

A

Cloud of 3D Points

3D Discrete Scene :
{(X,,Y:,Z;),i=0,1,2,...}
with :

Z,=7. +ieAZ

Volume Surface
Representation Representation ™

3D voxel patterns
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Definition and Representation of
Workspace

Ty (P Initial
"' o=\ Pose

s

» Draw a line from the initial pose to the final pose.

|

» Let this line to be the Z axis of the new
workspace.

» Let the X axis to be horizontal.

» Let the Y axis to be perpendicular to Z-X plane.

4
0.0

'
‘

’0

'
.0
.0

'

-

§
i
'

» Choose a workspace to be within:
» X: [-Xsize/2, +Xsize/2] YT
» Y: [-Ysize/2, +Ysize/2]
» Z: [0, Zsize]

(Note: Zsize is the distance between the two poses)
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» Digitize the workspace into a 3D matrix of voxels
which is called Normalized Workspace.
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Answer to Question 3:
Autonomous Path Planning Algorithms , -

» Input to the Algorithm:
» The initial pose is known
» The final pose is known

» The task space is known
Cloud of 3D Points YT R
_ : NI 1]
3D Discrete Scen.e_. ‘.‘.“.’.’:‘:’;‘ ”""
(XY, Z.),i=0]12,..} l.‘\ l..lj”i j’,t
o irLis4i)s slsss .‘.‘.‘. ..” ""“'
with: NN
Z;=Zyin +i0AZ ““‘:‘.:.""", ‘ -
| RN A B
NN
SNNNYHHH
W\ 22
3D Triangles Y P NG
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(This is for illustration purpose)

» A series of waypoints to reach

A General Algorithm

» Output from the Algorithm:
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0 for illustration purpose
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» Step 1: Choose a workspace
Z-X plane when Y

» Details of Steps (lllustration in 2D)

A General Algorithm
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Z-X plane when Y
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» Step 2: Digitize the workspace

Z-X plane when Y

A General Algorithm
(

» Details of Steps
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A General Algorithm:

» Details of Steps
(ILlustration in 2D)

» Step 3: Use the

normalized

workspace -v B P
Initial — N Final
Pose Pose
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A General Algorithm:

» Details of Steps —— x x
(Illustration in 2D)

» Step 4:
Determine the 1 1
free-cell
segments in of o
each column E
/// \x Final
Initial < < Pose

Pose

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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A General Algorithm:

» Details of Steps — T x x

(ILlustration in 2D)
» Step 5:
Determine the ° $ b
mid-points of ® oo
the free-cell E A7 v O Rl
segments PadiiBhd ¢ ® '<\ |
i i \ Final
/ Pose
o L
| | o
A A\ 4 ‘
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A General Algorithm:

» Details of Steps — % x x

(ILllustration in 2D)
» Step 6:
Connect the —s =
mid-points of ® .__‘
the free-cell > :/' . o
segments g ¢ ;L o——og\
/ v v \ Final
Initial Pose
Pose

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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A General Algorithm:

» Details of Steps — % x x

(ILlustration in 2D)
» Step 7:
Choose a path — 9
& *—o
v Wl
/>¢4—o ¢ . o——o<
Initial
Igosa(]e : - N Eg]sael
—-o
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Exercise

(This is for illustration purpose)

Question 1: o 5
10
What is the traveled
distance along Y axis 0
for a chosen path?
a0
40
50
Question 2: ™S ] o o 8
BO
What is the traveled
distance along X axis 20
for a chosen path? &
80
k4
0
X x
100
0 10 20 a0 40 50 70 a0 20 100
Z Path Wap
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A General Algorithm:

» Details of Steps
(ILlustration in 2D)

» Step 8:
Determine the — 7
equation for the ).,1
chosen path xé/ - »
- ¢ v o—>o<
ggﬁz ; ; \x Final

Pose
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Exercise

Given a set of four points {(x; y;), i =1,2,3,4},
which satisfy the equation below :

y=ax' +bx’ +cx+d

What 1s the solution of determining the coefficients?

AY

(x,,7,) (%45 1,)

(X3, ¥3)
(X1, 1)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution

» Step 1: Establish equations y, = axf +bx12 +cx, + d

3 2
v, =ax, +bx; +cx, +d
y=ax’+bx* +cx+d » oL L

3 2
y, =ax; +bx; +cx, +d

Yy =axf{ +bxf +cx,+d

(x,, ;) (x4, )

(X3, 13)
(X, 1)

@
P

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 2: Write equations into matrix form

.3 2
y, =ax; +bx; +cx, +d

3 2
vy, =ax; +bx, +cx, +d

3 2
y, =ax; +bx; +cx; +d

3 2

=ax, +bx; +cx, +d - - 9 - -

y 'z 4 4 4 y, ¥oxox 1] [a

! Yo | |x x5 x, 1] |b

(X y) (x4’y4) = o
2.2 3 2 1 C
Y3 Xy Xy Xy
3 2
(X5, ¥3) —Y4— _X4 Xy Xy 1_ _d_
(X, )
0 - X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 3: Solve the equation of the matrix form

Y x x x, 1| |a
Yo | x; x5 x, 1 . b
V& - x;, x; ox, 1| |c
Y, _xi x; X, 1| |4
% al| [x 2 x 1] 'y, |
(X3,¥,) (o 2s) bl |x x5 x, 1 | Y2
c| x; xox, |1 Y3
g (%3, 3) d _xj x; X, 1] Y,
O » X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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More Solution: Hand-Eye Coordination

/\ { AI u\
_fu Lett finage U ,I(ghtflmage A'X

/ ke / AIV
*.‘_‘--‘\ ~o L ArY — Ct —lCt
vy Path ryy Pail RS ey cie Au
AZ ,
AV,

Frame at time
(t=t)

Xie M., Fang Yuhui and Lai Tingfeng,
2025, New Solution to 3D Projection in
(t=0) Human-like Binocular

Vision, International Journal of
Humanoid Robotics.

Frame at time

»\ -
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Outline of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Method 1: Forward Planning

» There is a junction connecting four roads, each of which has two lanes as
shown in the figure. A vision-guided smart car is approaching the junction
from lane A1. Assume that the geometry of the roads is conform to a

national standard. How will the smart car self-find the solution (e.g.
motion) for it to turn into lane D1 or B2?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Possible Design Solutions ...

When a car-like vehicle follows a circular trajectory, its steering angle is a constant.

Design algorithm for motions with two phases:
Step 1: Choose the horizontal lane’s central line as X axis, and the vertical lane’s central line as Y axis.

Step 2: Position a circle with the radius r; at (—rg, —1R) or (—rg, +1Rz) wWhere ry is the car-like vehicle’s
minimum value of rotation radius.

. A \ Exit
L
| : ,', :\\':‘
: ' ! ' \\'
Enter ' ! b
B1 ) B2 Enter \| B1 B2
. . -
'-:' _________ Aj]/,_ _..\_._:._ Cl-. . -.-. > l-:' _________ A === _: -.E1-.-.-. >
_________ f- \\I - e e e e e e e - - e - - e - - - - [P I U DU U
/A2 v C2 A2 C2
\\ p
[ D2} D1 D2

[
l |
| |
| |
| .

I Exit :
| |
| |
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Preparation to Solution

» On a ground plane, a car is considered as a high- Lo
speed mobile robot which occupies a rectangular l% +
area. We call it a pose of a car. B — >
E— ///
» We assume that a car has two frontal steering o
wheels. Therefore, when a car rotates, its two cl’

rear wheels will follow circular paths, respectively.

» We assign a coordinate system to a car. Its origin is
at the center between the two rear wheels. Its X
axis is parallel to the wheels, while its Y axis is
perpendicular to the wheel

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution

» Step 1: Describe the capabilities
of a car in terms of a car’s
kinematic model.

Vi

LBC B

0OX Y, :local coordinate system assigned to a car
A : the center between two front wheels

B : the center between two rear wheels

C : the center of circular path when steering angle is not zero
D :the position of the left rear wheel

E :the position of the right rear wheel

@ : the steering angle of car, which has a maximum value

L, : The radius of a car's circular path, which has a minimum value

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 2: Describe the initial state of the car before turning:

|
[}
[}
|
! N Choose a value for Lg¢
Central Line of Initial Lane . .
. ! (shortest radius of turning)
\\\ |
N Y, |
— o
Qx _ - D < - x‘l g_ >
P 7 =g © \ vz ’
__________ y—-— - E /\ - e = - - - == - — -
/ 7 0\
/ L7 \
| 9,/ \
| Cé&
‘\ 1=---1.
\ U I
;7\ / - . . .
TN P Central Line of destination Lane

Circular Path of Turning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 3: Describe the final state of the car after the turning:

A Choose a value for Lpc¢

Central Line of Initial Lane . .
(shortest radius of turning)

= < >
P ~
P4 Y
/7 N\
—————————— —— - \ - e e en e e e e e e o = -
/ AY

/ \

[} \

! > +

\ \

\ N\ ' "€“~~

v -
\ N 10 TTe--
N N, s N
PRGN S Central Line of destination Lane
PRd N\ - /l \
. . - e = ™ - ' N
Circular Path of Turning | x

]
!
]
]
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SOlUtion (Con t'i n ued ) 1. At time t, set the steering angle to be:

XA(ts) - XB(ts)))
YB (ts) - YC(ts)

6 = arctan(
» Step 4: Plan the solution:

2. Drive with a constant speed of v.

t, :start time of turning |
|
: : ' Yowora - .
tf - final time of turning NG 3. Restore the steering angle back to zero at:
|
I _ Tlpc
Central Line of Initial Lane : b=t + 2v
N Yo !
A ¢
\\\s ts- y ¥
P ‘\\ /k > > Xworld
__________ A= E P2¢ e mmm e o
7 A\
I/ e \
| 0 s \
| C & z l >
\ \ |
' oo |t
\\ DL S
TN N
PR N - ,| N\
- N\
Circular Path of Turning T :
el
' ~~~~~~~~
2 Central Line of destination Lane
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Another Application (with zero radius) ...




Nanyang Technological University

Method 2: Inverse Planning

» Avision-guided smart car is moving along P
a street of a city. When it sees an empty
lot of vertical parking, it decides to enter [
the parking lot and to take a rest. What is
the sequence of motions which will make
the smart car to enter the empty lot of
vertical parking as shown in the figure
below?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Possible Design Solutions ...

When a car-like vehicle follows a circular trajectory, its steering angle is a constant.

Design algorithm for motions with two phases:
Step 1: Position the world coordinate system at the entry of a free parking lot.

Step 2: Position a circle with the radius Y,,,- at (—=Y,4,, 0) or (+Y,,., 0) where Y,,,. is the car-like vehicle’s
Y coordinate with respect to the world coordinate system.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Preparation to Solution

» On a ground plane, a car is considered as a high-
speed mobile robot which occupies a rectangular
area. We call it a pose of a car.

\29
§

» We assume that a car has two frontal steering
wheels. Therefore, when a car rotates, its two
rear wheels will follow circular paths,
respectively.

» We assigh a coordinate system to a car. Its origin
is at the center between the two rear wheels. Its
X axis is parallel to the wheels, while its Y axis is
perpendicular to the wheel.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution

Vi

» Step 1: Understand the capabilities
of a car in terms of a car’s

. . LBC —_
kinematic model.

0X, Y. . :local coordinate system assigned to a car
A : the center between two front wheels

B : the center between two rear wheels

C : the center of circular path when steering angle is not zero
D :the position of the left rear wheel

E :the position of the right rear wheel

0 : the steering angle of car, which has a maximum value

L, : The radius of a car's circular path, which has a minimum value

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 2: Describe the goal pose (i.e. expected final pose)

o0

>y >X
Y car world

Free parking lot

/ \ca
(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 3: Describe the initial pose (i.e. an ideal initial pose)

o0

>y >X
Y car world

Free parking slot

/ \ca
(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 4: Describe the intermediate pose (i.e. reverse motion from the final
pose to the intermediate pose)

Initial Pose . Intermediate Pose
Ycar Y;car
- -~ Xcar
/,” ' \\ How to choose a value for Lpc

,/, E \\onrld

:l E Chmin

; C ? ° : }‘char >Xworld
: Final Pose

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 5: Hence, the motion sequence to be performed is:

» Motion 1:

» Drive the car from its initial pose to a new initial pose (e.g. all axes are parallel).

» Motion 2:

» Drive the car from the new initial pose to an intermediate pose.

» Motion 3:

» Drive the car from the intermediate pose to the final pose.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Step 6: Motion 1: 1. Set steering angle to:

Yp— Vg
Xp — XE)

/i
a=-- arctan(

N 2. Drive the car for a distance of:
T

d=LBc‘a

with a constant speed of v.

onrl

E

00

>X
Y car world

Free parking lot

[ e e

/\ca
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Solution (continued)

1. Restore steering angle to zero.

» Step 7: Motion 2: _ _
P 2. Drive the car for a distance of:

, d =X, (1)~ X,(1,)
New initial pose |

Ycar . . Ycar . . .

¢, :start time t, . intermediate time P Xp(t)—X,(2,)

------ - YV —

i s
D A%

with a constant speed of v until:

>X
Y car world

t,: final time

~ / /\ca
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Solution (continued)
1. Set steering angle to:

» Step 8: Motion 3: _
ot = arctan(Xa )= Xa(t)
YB(ti)_YC(ti)

2. Drive the car for a distance of:

)

New initial pose

Y Yo d = % Lgc

£, : start time t, : intermediate time

------ -

0—v=at
1 2
d=vt+;at

D with the initial speed of v and
,,/’E a constant deceleration of:
/,/ V2 )
/ i a=——- ~
/ ! 2d

/ i 3. Restore the steering angle to zero.
) 1
) i
i C ? >‘char >Xworld
\ :

(Learning, Teaching) <c> (Research, Innovation) <o> (Leadership, Service)
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Other Design Solutions ...

» A carpark has two free parking lots. Each of the two cars is equipped with a
monocular vision to measure the pose of chosen free parking lot. What should be
the solutions of paths (i.e. spatial locations) for the two cars to follow?

Y
Circle 5 0
e Clrcle4

, CarA C.l’ ''''' S @
]

.\ a \.

‘\ ./; !

N, . | . .
Forward : p
. Forward 1 | Forward b
. y ne 2 'Circle 3
.\ ./ [} .\ .I
.\‘ z - ! N L7
Tro e T~ I eT T -7
s S [ N
/ | /
/" Forward \ ;,, Reverse «
1 \ ~
— o+ " >
Circle 1\ g ) " g ' Circle 2
Vi \
\\ ~ - _- : S o _- s
_ ! -
[}

steenng
angle
sensor

rotation
, rate
“sensor
- spcedsensors
@ onall 4 wheels
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Solution for Car A ...

Design algorithm for car A's
paths with three motions:

When a car-like vehicle

steering angle is a constant. coordinate system at the
entry of a free parking lot.
Y
Circle 5 : 1
N J’a"(_:,"rglfi x%; Step 2: Choose and position
! ¥ S Line 1, Forward circle 1.
\ § . Lot~
. e S \\ o
Forward | ! | Step 3: Choose and position
.\‘Forward /.: Liqe 5 ;- Forward ‘Circle 3 circle 5.
N .’ : \. /'
\.‘/.;‘:-;\ : /”-\-\-_-"/’ o
', Fomard\‘ /Reverse \‘ ) Step 4: Ch_oos_e and position
— B PR il 0 > | circle 4 which is tangent to
AN R ! circle 1 and circle 5.
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Solution for Car B ...

When a car-like vehicle
follows a circular trajectory, its
steering angle is a constant.

Y
A

Clrc.lg 5 y Circle 4 CarB
R ~) a .
’ Car A - RN Xp Vb
N ) /
!‘ Wy, \ Line 1, .F_o.r'ivard
.\ _! * ,/‘z "
/ -
NI | / \
Forward \ ! |
. I . .
. Forward 1 Line 2 | Forward ‘Circle 3
‘\ ./ | '\ .
‘o ”, | .\ ’/
* -~ . - : -~ - — . s
/)' \\ : ,/ \.\_ L -
/
/ Forward ;: Reverse \ X
| ~
) ! ol V[ T _ -
Circle 1 B / M + Circle 2
\ / N S5 /
N ’,
N — | N

Design algorithm for car B’s
paths with four motions:

Step 1: Position the world
coordinate system at the entry
of a free parking lot.

Step 2: Choose and position
line 2.

Step 3: Choose and position
circle 2.

Step 4: Choose and position
line 1.

Step 5: Choose and position
circle 3 which is tangent to line
1 and circle 2.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Summary of Lecture 4

» Background Knowledge

» Purpose of Path Planning
» Input to Path Planning

» Output from Path Planning

» Process of Autonomous Path Planning
» Case of Arm Manipulators
» Case of Car-like Mobile Bases

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Start-Move-Stop Motions

QOutline of Lecture 5

Rest to Velocity
Velocity to Velocity
Velocity to Rest

» Purpose of Trajectory Planning

» Input to Trajectory Planning

» Output from Trajectory Planning

» Process of Autonomous Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Start-Move-Stop Motions

QOutline of Lecture 5

Rest to Velocity
Velocity to Velocity
Velocity to Rest

» Purpose of Trajectory Planning

» Input to Trajectory Planning

» Output from Trajectory Planning

» Process of Autonomous Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Definition of Trajectory

» Trajectory refers to spatial positions and orientations with time
constraints. (Note: Non-stop Motions versus End-stopped Motions)

» <

Two Design Schemes:

1. Design with Two
Phases (Speed-up and
Slow-down)

2. Design with Three
Phases (Speed-up,
Cruise, and Slow-down)

Rest-to-Velocity

Velocity-to-Velocity

Velocity-to-Rest

Time «+—+!
Constant Speed :
Deceleration Acceleration  Start-Move-Stop Motions

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Trajectory Planning

» Trajectory planning is a process which
takes equations of a given path as input
and produces equations of trajectory as
output.

Motions

J\
_l/

-

\_

Path
Planning

\

)

Equation
fl> of
/ Path

N
_l/

4 )

Trajectory
Planning

Equations
fl> of
Trajectory

\_ J

y=ax’ +bx’ +cx+d

z=ex’+fx*+gx+h
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Example of Performing Trajectories

z Parkour Atlas 0 ~»

e RENE o=
e

B W W —
j y —.-"
A e ! ".-.' f
Pl 1 / : -7 i *J"?,f | [
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Example of Continuous Motions

Robot Body’s Motion Robot Hand’s Motion Mobile Base’s Motion
SOUONNNN
T Velesity
[x(t), y(t), z(t), 6(t)] [v(t) 6()] or [v,(t) v-(£)]
Industrial Robot’s Mobile Robot’s
Motion Coordinates Motion Coordinates

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Why is trajectory planning important?

Answer: To have time functions of
controllable coordinates. (x, 5, 5)

(5.3.5) Inverse Kinematics i 4, 91 , 91) |
Robot (z,2,%) / \ (6,,6,,6,)
Mlnd / _(en ’ en s Hn )_

0.,0.,0)
Forward Kinematics

(ay’éy’éy) \
(6.,6.,0.) |
|

[ Robot Control |

(eiaéiaéi)

Robot Dynamics &=

</Iotion Executio> e

_(0199179.1)_ -
L : )
(02:02:02) < . . . Control <
...... < Link Joints |«—| Power Joints | j—
) 0 Algorithms [* p
_(911 s an ° en )_
Robo Body
> Sensors

L | (Hiaeiaéi)
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Equations of Trajectory of 2D Linear Motion

» Case 1: Constant velocity (i.e., Rest to Velocity)

xX(t)—x, = v, o (t—1y) Equivalent Axis of Rotation :
y()=y,=v,e(t—1,) (Cy, —Cyy |
r ne, | €13 76
x(t)=x,+v e(t—t,) | €21 € |
y(@)=y,+v, e(t—t)) Between Two Adjacent Poses
Equivalent Angle of Rotation :
d _
v, =—x() 6, =arccos(-! +C”2+ sl
dt
d _
Vy:zy(t) O(t) —0=wXx(t—ty)
[

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Example of Mobile Base

» A mobile robot moves at a constant speed on a floor. It is observed
that the robot passes through point (10.0, 20.0) (cm) at t=1.5
seconds. And, it passes through point (20.0,50.0) (cm) at t=3.5
seconds. What is the equation of the robot’s trajectory?

» Answer:

x(t)=v._e(t—1.5+10.0] [20.0=v_e(3.5-1.5)+10.0
y(6)=v, o (t—1.5)+20.0]"|50.0 = v, ¢(3.5-1.5)+20.0

v. =5.0cm/s

v, = 15.0cm/s

Equation of the robot's trajectory is:
x(t)=5.00(t—-1.5)+10.0
y()=15.00(¢—-1.5)+20.0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Trajectory of 2D Linear Motion

» Case 2: Constant acceleration (i.e., Rest to Velocity)

Equivalent Axis of Rotation :
| _ _
x(t)—xo=Eax0(t—t0)2+vx0(t—t0) C3, ~Cny
Fl,, =|6s3—¢y
1 ) 4ty
y(t)—yo=5ay0(t—to) +Vy°(t_to) | €21 76
Between Two Adjacent Poses
Equivalent Angle of Rotation :
2
a. = d_2 x(t) 0,. = arccos(c11 al 622; X _1)
dt
d2
a =—— Z’ 1
Y 0(t) = 0 =~ a X (t—t,)?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Arm Manipulator

» Arobot manipulator moves its tool tip with a constant acceleration.
We start to observe the motion when the tool tip passes through point
A(30.0,30.0,30.0) (cm). Then, we notice that the tool tip passes
though point C(0.0, 50.0, 35.0) (cm) at t=2.5 seconds. And, its
reaches point B(-30, 70.0, 40.0) (cm) at t=3.5 seconds. What is the
equation of the trajectory of the tool tip’s X coordinate?

x(t) — x, :%ax o(t—1))" +v, o(t—t,)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution
» Answer: 0.0-30.0= %a ¢(2.5-0.0)°+v_e(2.5-0.0)

X

~30.0-30.0 = %ax ¢(3.5-0.0)> +v_(3.5-0.0)

; a, =-10.28 cm/s’
v.=0.86 cm/s

Equation of X coodinate's trajectory is :
x(t) =—5.14¢" +0.86¢ +30.0 (cm)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Trajectory of 3D Linear Motion

» Case 3: Variable acceleration (i.e., Rest to Velocity)

Equivalent Axis of Rotation :
_032 _023_
’7t1,t2 =| G35 — G
x()=at’ +bt’ +ct+d, e =i

Between Two Adjacent Poses

3 2
yt)=a,t"+bit" +cit+d,

; 5 Equivalent Angle of Rotation :
z(t)y=a t’+bt" +ct+d.

c,+c,+c.,—1
0 . =arccos(—-—2—3
bty o)

)

H(t) — O — a3t3 + a2t2 + alt + aO

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Arm Manipulator

» A robot manipulator moves its tool tip along a straight line. The
equations of its tool tip are in the form of polynomials of order 3.

x(t)=at’ +bt’+ct+d,
. 3 2
yt)y=a it +bt" +ct+d,

z(t)=at’ +bt’ +c.t+d.

» What are the velocities and accelerations of the tool tip?

» Answer: 7 4>
v.(t) = o x(t)=3a.t’+2b t+c, a (t)= e x(t)=6at+2b,

d 5 d’?
v, (1) = Ey(t) =3a " +2bt+c, a,(r)= e — y(t)=6a,t+2b,

d 5 d2
Vz(f):EZ(t)=3aJ +2bt+c, a (t)—d—z(t) 6a_t+2b,

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Trajectory of Curved Motion

» Case 1: Time Functions of Polynomials of Degree 2 (i.e., Rest to Velocity)

Equivalent Axis of Rotation :
. 2
x(t)=at"+bt+c, PR
2 —
yt)=a,t"+bt+c, Fl, . =] ¢
| Co1 —Cpp

z(t)=at’+bt+c,

Between Two Adjacent Poses

‘ Equivalent Angle of Rotation :
+cC,, +Cy—1
0, = arccos(-! 0222 T

P=At*+Bt+C

H(t) — 0= a2t2 + alt + Ao

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Trajectory of Curved Motion

» Case 2: Time Functions of Polynomials of Degree 3 (i.e., Rest to Velocity)

Equivalent Axis of Rotation:

x()=at’ +bt>+ct+d. ey —c,]

. 3 2 ’_;tI,tZ =| G5 — G
y(t)=a,t"+bit" +cit+d, P
Z(l‘) = azt3 + bztz +c 1+ dZ Between Two Adjacent Poses

Equivalent Angle of Rotation :

c,+c, +c.,—1
0 . =arccos(——2—33 )
RS 9)

P=At+Bt*+Ct+D

H(t) - O —_ a3t3 + aztz + alt + ao

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Trajectory of Curved Motion

» Case 3: Time Functions of Polynomials of Degree 5 (i.e., Rest to Velocity)

s 4 3 2 Equivalent Axis of Rotation :
x(t)y=at’ +bt +ct’+d it +et+f, _ _
C3p —Cx
— 5 4 3 2 .
yt)y=at +bt +c " +d it +et+f, 7, =] e cn
Z(t):azts+bzt4+czt3+dztz+ezt+fz ¢y —¢py |

Between Two Adjacent Poses

Equivalent Angle of Rotation :

\ 4

¢ e,y ey —1

P=Ar +Bt* +C* +Dt* + Et+ F Oy = arCCOS(———)

0(t) — 0 = ast® + ast* + azt3 + a,t? + at + ag

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Start-Move-Stop Motions

QOutline of Lecture 5

Rest to Velocity
Velocity to Velocity
Velocity to Rest

» Purpose of Trajectory Planning

» Input to Trajectory Planning

» Output from Trajectory Planning

» Process of Autonomous Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Input to Trajectory Planning

» The input to trajectory planning is a set of
equations of given paths (spatial constraints)
and time constraints in the form of duration.

Motion

Descriptiorg\
_l/

/

o

Path
Planning

~

O\

Equation
fl> of
Path

AN
_l/

-

o

\

Trajectory

Planning

J

y=ax’ +bx’ +cx+d

z=ex>+ fx*+gx+h

Equations
fl> of
Trajectory
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Spatial Constraints

» Linear Paths
» Circular Paths
» Curved Paths

4 ) 4 )
N Path EquationsJ\ Trajectory | )\ Equations
Motions_l/ Planning fl> of _l/ Planning fl> of
Path Trajectory
N / N /

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Time Constraints

» Constant accelerations which are zero
» Constant accelerations which are positive

» Constant accelerations which are negative

4 ) 4 )
J\ Path Equations J\ Trajectory | \Equations
MOtiOnS_l/ Planning fl> of _l/ P|anning fl> of
Path Trajectory
- J - /
Rest to Velocity
Velocity to Velocity
Velocity to Rest

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Integration of Spatial and Time
Constraints into Library Functions

- MoveTo(Position, Duration, Type)
- MoveWith(Displacement, Duration, Type)
RotateTo(Angular Position, Duration, Type)

RotateWith(Angular Displacement, Duration, Type)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Start-Move-Stop Motions

QOutline of Lecture 5

Rest to Velocity
Velocity to Velocity
Velocity to Rest

» Purpose of Trajectory Planning

» Input to Trajectory Planning

» Output from Trajectory Planning

» Process of Autonomous Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output from Trajectory Planning

» The output of trajectory planning is a set of equations
of trajectory with time constraints, which will be the
input to robots’ control systems.

Motion 4 A 4 A

Descriptiong\ Path Equations J\ Trajectory Equations
—l/ Planning f[> of _[/ Planning fl> of

Path Trajectory
N / N / 3

Velocity to Velocity _
Velocity to Rest * For mobile base: [v(®) ()] or [vi(t) v, (8)]

Rest to Velocity «L. For robot hand: [x(®),y(®),z(®),6(t)] }

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What are typical types of equations of
trajectory?

» Polynomial equations of time of
degree 1

— 3 2
» Polynomial equations of time of X(t)=at +bt +ct+d,

degree 2 y()=a,r’ +bt* +c t+d,

z(t)=at +bt’ +ct+d,

» Polynomial equations of time of
degree 3 0(t) = azt3 + a,t? + a;t + ag

» Sine and Cosine functions of time, |* Restto Velocity
etc. « Velocity to Velocity

Velocity to Rest

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to determine the coefficients
inside the equations of trajectory?

» Use of Continuity in positions

x()=at’+bt’ +ct+d,

» Use of Continuity in velocities WO =af +b 1 +ei+d,

z(t)=at’ +bt’ +ct+d.
» Use of Continuity in 0(0) = ast® + ayt? + a t + ag
accelerations

* Rest to Velocity
* Velocity to Velocity
* Velocity to Rest

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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* Rest to Velocity

Use of Continuity in Positions |- Velosiy to Velocity

* Velocity to Rest

x()=at’+bt’+c t+d.

yO)=at’ +bt" +ct+d, - Coordinates at
Known Waypoints

z(t)=at +bt’ +ct+d.

x()=at’ +bt* +ct’+d t*+et+ f.

y(t) = ayt5 +byt4 + cyt3 + dyt2 +et+ f, - .
Known Waypoints

Coordinates at
z()=at +bt'+ct’+dt’ +et+ f.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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* Rest to Velocity

Use of Continuity in Velocities |. velociy to velocity

* Velocity to Rest

x(t)=3a.t’+2b t+c,
y(t)=3a,r> +2bt+c, - Velocities at
Known Waypoints

z(t)=3at’ +2b t+c,

x(t)=5at*+4b t’ +3ct’ +2d t+e,

Wt)=5a,t* +4b 1> +3c 1’ +2d t +e, - Velocities at
Known Waypoints
z(t)=5a.t* +4bt +3c.t’ +2d t+e. yp

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Continuous Motion

» A SCARA robot moves its tool tip from point A to point B, and from point
B back to point A, continuously by following a circle with a radius of R.
And, the circle is inside a horizontal plane. The centre of the circle is at
position (x0, y0, z0). If the tool tip’s motion is a uniform circular motion
with a circular speed of v0, what are the equations of the tool tip’s

trajectory?
Z
[y
A A' a):l
5"\':‘ ,,—*\(x,y) R
— Yol .(9.\\,_ ..... .
;/ Ty NN
X0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution

» Analysis:

» The tool tip’s motion is an uniform circular motion.
The tangential acceleration is zero.
The centre of the circle is at (x0, y0, z0).

The circular speed is vO.

vV v v v

The rotated angle about the circle’s centre and the angular velocity
are:

g=" t and @ = 2
—2 w an (,()—R

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Equations of trajectory along the circle are:

T v Z
9=E—a)-tandw=ﬁo -
$ B---A
% e
_ [ 3 T S
x(t) = xg +Rcos(§— wet) =xg +Rcos(5—v0t/R) ) v

T T
y(t) =y + Rsin(i —wet)=y,+R sin(E — vot/R)

z(t) = 2o
[ A o)
ol L0 -
These are desired positions of robot arm’s tool tip. ‘\\Bg N
X

How to enable robots to do Start-Move-Stop motions?
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Example of Continuous Motion

» A mobile robot is at rest when
its position is at (R, 0) (m).
The mobile robot starts to
move along a circle. The
radius of the circle followed
by the mobile robot’s CG is R.
Assume that the mobile robot
moves with a constant
tangential acceleration at at
the mobile robot’s CG.

» What are the equations of
CG’s trajectory?

LY
» What are the equations of
left-wheel’s trajectory?

» What are the equations of i i
right-wheel’s trajectory? | N - ! -

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution

» Analysis:

» The initial position of CG is at
(R, 0.0) (m)

» The tangential acceleration
(or circular acceleration) is
constant

» Then, the angular
acceleration about Z axis is
also constant.

» The radius of the circle ¥ f,
followed by CG is R. - 6

X

» The CG’s angular acceleration Y
is:

=i
! LN
(k]
-l &} [ 2

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution

» Equations of CG’s Trajectory:

a=—

R

1
(1) = — at*
(?) >

x(t) = Rcos(0(t))

y(t) = Rsin(0(t))
v(t) = Rat

How to enable robots to do Start-Move-Stop motions?
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Solution (continued)

» Equations of left-wheel’s

Trajectory: v (t) °
a 1 :
a = >0(t)=—at
R *) 2

U
x(8) = (R — =) cos(8(¢))

() = (R - %) sin(0(8))  |590) = %mz Lo

u(t) = (R - at

How to enable robots to do Start-Move-Stop motions?
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Solution (continued)

» Equations of right-wheel’s

Trajectory: v (t)
a L, :
a=— —0)=—ut
R ®) 2 “

x-(t) = (R + g) cos(6(t))

U
yr(t) =R+ E) sin( 6(t)) L

v.(t) = (R+ %)at

How to enable robots to do Start-Move-Stop motions?
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Start-Move-Stop Motions

QOutline of Lecture 5

Rest to Velocity
Velocity to Velocity
Velocity to Rest

» Purpose of Trajectory Planning

» Input to Trajectory Planning

» Output from Trajectory Planning

» Process of Autonomous Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to do trajectory planning?

» Scenario 1: You are the buyers or users
» Human-Assisted Trajectory Planning
» Trajectory Planning by Teaching
» Trajectory Planning by Programming
» Scenario 2: You are the designers of robots

» Autonomous Trajectory Planning by Robots
Level 1 of Intelligence Readiness

4 )
Equations J\ Trajectory ‘> Equations

of _l/ Planning of
Path Trajectory

\_ %

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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There are two ways for human operators to
assist robots to do trajectory planning

—

» Trajectory planning assisted by teaching

» For Robot Hand:  [x(t), y(t), 2(t), ()] — g:zgners
» For Mobile Base: [v(t) 8(t)] or [v(t) v.(¢)]

=

—

» Trajectory planning assisted by programming
» For Robot Hand: [x(t),y(t), z(t), 6(£)] >—;: g:gn o
» For Mobile Base: [v(®) 6(t)] or [v,(t) v, (2)]

Rest to Velocity
Velocity to Velocity

Velocity to Rest Start-Move-Stop Motions

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Trajectory Planning by Teaching

¥ HandlingPRO - Academic - {300 days left) - RR] cyhinder

Fle Edt View Cel PRobot Teach Test-Run Project Tooks ‘Window Heb
D@ o> B 4%

Bt R@LEEe s s BElaR= er» s 2aBRLYL
QAR S G o8 g G

g
-
-
=1
=1
=
-
-
-
-
-
-

remy

| Robot Controllert {3 PROGS | < Mo robot errors >

ﬂsm 5@04&@0& [ HandiingPRO - Acade... (3 SmPRO Workcel Examle m_@_m,pﬂqu...
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Trajectory Planning by Programming

» Motion Coordinates for Robot Hand:
[x(t),y(t),z(t), 6(t)]

» Motion Coordinates for Mobile Base:

[v(®) 6(8)] or [vi(¢) vr-(0)]

*— Air solenoid

(output 1)
Vacuum
«—  gripper
ome K
N9 imit switch :_ P4

* Rest to Velocity
* Velocity to Velocity
* Velocity to Rest

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Autonomous TraJectory Planning by Robot
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Autonomous Trajectory Planning by Robot
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How to determine the equations of
trajectory from a given path?

Case for Robot Hand Case for Mobile Base

» For example, a motion may » For example, a mobile robot
require a robot arm to move may enter a parking lot from
its hand from the current its initial pose at rest and
pose at rest to a final pose at stops at the parking lot after
rest. How to determine: the parking is accomplished.

How to determine:

[x(£), y(¢), z(2), 6(t)] [v(t) 8()] or [v(t) v, (B)]

Start-Move-Stop Motions

* Rest to Velocity
* Velocity to Velocity
* Velocity to Rest

W

_""‘--.%
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Designers’ Observations from Start-
Move-Stop Motions

» Every motion has a duration of speed-up trajectory.
» Every motion has a duration of cruising trajectory.
» Every motion has a duration of slow-down trajectory.

» The transitions among these motions must be continuous.

Rest to Velocity
Velocity to Velocity

Velocity to Rest | Start-Move-Stop Motions
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Design Options for Speed-Up Trajectory

» 1: Trajectory of Linear Path with Constant Acceleration
» 2: Trajectory of Linear Path with Variable Acceleration

» 3: Trajectory of Curved Path with Time Constraints

Rest to Velocity
Velocity to Velocity

Velocity to Rest | Start-Move-Stop Motions
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Design Options for Cruising Trajectory

» 1: Trajectory of Linear Path with Constant Speed
» 2: Trajectory of Linear Path with Constant Acceleration
» 3: Trajectory of Linear Path with Variable Acceleration

» 4: Trajectory of Curved Path with Time Constraints

Rest to Velocity
Velocity to Velocity

Velocity to Rest | Start-Move-Stop Motions
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Design Options for Slow-Down Trajectory

» 1: Trajectory of Linear Path with Constant Deceleration
» 2: Trajectory of Linear Path with Variable Deceleration

» 3: Trajectory of Curved Path with Time Constraints

Rest to Velocity
Velocity to Velocity

Velocity to Rest | Start-Move-Stop Motions

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Design Solutions for Trajectory Having
Two Motion Phases

Design ID First Motion Second Motion

1 Linear Linear
2 Linear Curved
3 Curved Linear
4 Curved Curved

* Rest to Velocity

*  Velocity to Rest Start-Move-Stop Motions
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Design Solution 1

» Linear path + Linear path

Y,

w

f*f:ye From A to C: Speed-up Motion

ya ]<yp > X

e From C to B: Slow-down Motion

* Rest to Velocity

* VelocitytoRest | Start-Move-Stop Motions
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Design Solution 2

» Linear path + Curved path

Y,

w

From Ato C: Speed-up Motion

From C to B: Slow-down Motion

* Rest to Velocity

* VelocitytoRest | Start-Move-Stop Motions
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Solution 3

» Curved path + Linear path

From Ato C: Speed-up Motion

From C to B: Slow-down Motion

* Rest to Velocity

* VelocitytoRest | Start-Move-Stop Motions
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Solution 4

» Curved path + Curved path

From Ato C: Speed-up Motion

From C to B: Slow-down Motion

* Rest to Velocity

* VelocitytoRest | Start-Move-Stop Motions
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Design Solutions for Trajectory Having
Three Motion Phases

DeSIgn ID First Motion | Second Motion | Third Motion

Linear Linear Linear
2 Linear Linear Curved
3 Linear Curved Linear
4 Linear Curved Curved
5 Curved Linear Linear
8 Curved Curved Curved

* Rest to Velocity
* Velocity to Velocity

* Velocity to Rest Start-Move-Stop Motions
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Design Example for Robot Hand’s Trajectory

» A gantry robot is doing the construction of a building automatically. At a
process, the tool tip is at rest at point A(10.0, 5.0, 3.0)(m). Then, it moves
along a straight line, and stops at point B(2.0,5.0, 3.0)(m) within 12.0
seconds. Design a trajectory of the robot’s tool tip which enables it to
achieve the above motion.

.
'd

. *A(10.0, 5.0, 3.0) (m)

r'd
e

_%B(2.0, 5.0, 3.0) (m)

Y

* Rest to Velocity
* Velocity to Velocity

* Velocity to Rest Start-Move-Stop Motions
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: * Rest to Velocity
SOlUt] on « Velocity to Velocity
* Velocity to Rest Start-Move-Stop Motions

» Analysis:

» The tool tip’s X coordinate changes while Y and Z coordinates remain
unchanged.

» The displacement of X coordinate is 2.0 - 10.0 = -8.0 (m)

» The duration of motion is 12.0 seconds

.
'd

_-*A(10.0, 5.0, 3.0) (m)

r'd
e

_%B(2.0, 5.0, 3.0) (m)

Y
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* Rest to Velocity

Solution (continued) . Velocity to Velocity

| . * Velocity to Rest
» Design of Trajectory: Start-Move-Stop Motions

» Speed-up Motion: trajectory of linear motion with a constant
acceleration for a duration of 2.0 seconds.

» Cruising Motion: trajectory of linear motion with a constant velocity
for a duration of 8.0 seconds.

» Slow-down Motion: trajectory of linear motion with a constant
deceleration for a duration of 2.0 seconds.

d
— x(t
R

~

I
2s 4s 6s 8s 10s 12s
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Solution (continued)

» Equations of Trajectory:

> Fromt=0.0to t=2.0:  x(£)—x(0.0) = %at i

» From t=2.0 to t=10.0:  x(¢)—x(2.0) =2a(t—2.0)

» Fromt=10.0 to t=12.0:  x(¢) —x(10.0) = 2a(¢ —10.0) —%a(t ~10.0)°

d
— x(t
R

~

v(2.0)=2a
i

v(2.0) =2a

I | I
2s 4s 6s 8s 10s 12s
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Solution (continued)

» Constraints for us to determine the unknown value of a:

» Travelled distance from t=0.0 to t=2.0: x(z.o) _ x(o.o) =2a
» Travelled distance from t=2.0 to t=10.0: x(]0,0) — x(2.0) =16.0a
» Travelled distance from t=10.0 to t=12.0: x(12.0) — x(l0.0) =2a

d
— x(t
R

~

v(2.0)=2a
i

v(2.0) =2a

I | I
2s 4s 6s 8s 10s 12s
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Solution (continued)

» Compute the unknown value of a:
» Travelled distance from t=0.0 to t=2.0: x(2.0)—x(0.0) =2.0a

» Travelled distance from t=2.0 to t=10.0:  x(10.0) —x(2.0) =16.0a

» Travelled distance from t=10.0 to t=12.0: x(lZ.O) — x(l0.0) =2.0a
-+

x(12.0) — x(0.0) = 20.0a

—8.0 = 20.0a

(acceleration toward negative X axis) ¢=m a = —0.4 (m/s?)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)  Restto Velocity

* Velocity to Velocity
* Velocity to Rest

Start-Move-Stop Motions

» Planned Equations of Trajectory:
» From t=0.0 to t=2.0:

x(t) — x(0.0) = —0.2t?

» From t=2.0 to t=10.0:
x(t) —x(2.0) = —0.8(t — 2.0)

» From t=10.0 to t=12.0:

x(t) — x(10.0) = —0.8(t — 10.0) + 0.2(¢ — 10.0)2

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Design Example of Robot Hand’s Trajectory

» Arobot manipulator’s gripper is at rest at point A(40.0, 35.0, 2.0) (cm).
Then, it moves along a circle which is parallel to a table, and stops at point
B(40.0, 5.0, 2.0) (cm) within 12.0 second. The radius of the circle is 15.0
(cm). Design a trajectory of the robot’s gripper, which enables it to achieve

the above motion. (NOTE: just design the trajectory of the gripper’s
position)

llllllllll.llll-

o) 1 2Ty
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Solution « Rest to Velocity
. * Velocity to Velocity

> Analysis: - Velocity to Rest

» Only Z coordinate remains unchanged Start-Move-Stop Motions

» The duration of motion is 12.0 seconds

» The centre of the circle is at C(40.0, 20.0, 2.0) (cm)

» The radius of the circle is 15.0 (cm)

» The angular position, when the gripper reaches point B, is -90 degrees

llllllllll.llll-
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SOlUtiOn (Continued) « Rest to Velocity

* Velocity to Velocity

» Design of Trajectory: * Velocity to Rest
Start-Move-Stop Motions

» Speed-up Motion: trajectory of curved motion with a constant
tangential acceleration for a duration of 2.0 seconds.

» Cruising Motion: trajectory of curved motion with a constant circular
velocity for a duration of 8.0 seconds.

» Slow-down Motion: trajectory of curved motion with a constant

deceleration for a duration of 2.0 seconds.

a,

= constant

» The corresponding angular acceleration is: & =

a(t)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

» Equations of Trajectory for Coordinate x(t):
» From t=0.0 to t=2.0:

Rest to Velocity
Velocity to Velocity
Velocity to Rest

Start-Move-Stop Motions

T 1
Ot)==——at’
() 57>

w(t) =—at -

x(t)—40.0=15.0cos(6(1))

)
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. . * Rest to Velocity

Solution (continued) . Velocity to Velocity
* Velocity to Rest

» Equations of Trajectory for Coordinate x(t): Start-Move-Stop Motions

» From t=2.0 to t=10.0 with constant angular velocity:

©0(10.0) == ©(2.0) = 2a  6(2.0)= % a
0(1)—0(2) = o(2)(t — 2.0)

Y A 6(10.0) :%—1805
o(t) = (% —2a)—2a(t-2.0)

x(t)—40.0=15.0cos(6(2))

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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. . * Rest to Velocity
Solution (continued) . Velocity to Velocity
* Velocity to Rest
» Equations of Trajectory for Coordinate x(t): Start-Move-Stop Motions

» From t=10.0 to t=12.0:

6(10.0) :%—1805 0(12.0) = %—2005 _ ‘%
0(t)— 6(10) = w(10)(t ~10.0) +%a(t ~10.0)°

9

o(t) = % ~18a—2a(t—10.0) +%a(z‘ ~10.0)2

x(¢)—40.0=15.0cos(8(1))

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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o . * Rest to Velocity

Solution (continued) . Velocity to Velocity
* Velocity to Rest

» Equations of Trajectory for Coordinate y(t):

Start-Move-Stop Motions
» From t=0.0 to t=2.0:

0(2.0) = 2a 0(0.0) =
mn:%—%mz

w(t)=—at

20.0

y(t)—20.0=15.0s1n(6(¢))

0]
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. . * Rest to Velocity

Solution (continued) . Velocity to Velocity
* Velocity to Rest

» Equations of Trajectory for Coordinate y(t): Start-Move-Stop Motions

» From t=2.0 to t=10.0:

T
©(10.0) = 2 002.0)=—~2a

0(t) —0(2) = w(2)(t — 2.0) 0(10.0) :%—1804

o(t) = (% “2a)—2a(t-2.0)
20.0

1(t)—20.0 = 15.0sin(8(¢))

0]
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. . * Rest to Velocity

Solution (continued) . Velocity to Velocity
* Velocity to Rest

» Equations of Trajectory for Coordinate y(t): Start-Move-Stop Motions

» From t=10.0 to t=12.0:

9(10-0)=%—18a 9(12.0):%—2005:—%
0(t)— 6(10) = w(10)(t —10.0) +%a(z‘ ~10.0)?

2 1
V4 1 )
0(t) = 5—180{ —2a(t—10.0) +§a(t—10.0)

20.0

1(t)—20.0 =15.0sin(6(¢))

0]
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Design Example of Mobile Base’s Trajectory

» Refer to the figure given. A mobile
robot has a pair of differential
wheels. The initial pose of the
mobile robot is at (0, 0) (cm) with
the orientation of zero degree.
Assume that the width of the
mobile robot is 50.0 cm and that
the radius of the wheels is
20.0cm. Design the equations of
point A’s trajectory so that the
mobile robot will take 12.0
seconds to reach and stop at the
final pose which is at (0, 300)
(cm) with the orientation of -180
degrees.

* Rest to Velocity
» Velocity to Velocity
* Velocity to Rest

Start-Move-Stop Motions
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SOlUtion  Rest to Velocity

* Velocity to Velocity
* Velocity to Rest

Start-Move-Stop Motions

» Analysis:

» The mobile robot follows a
circular path.

» The radius of the circular path
is 150.0 cm Y

» The duration of motion is 12.0
seconds

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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* Rest to Velocity

Solution (continued) . Velocity to Velocity

| . * Velocity to Rest
» Design of Trajectory: Start-Move-Stop Motions

» Speed-up Motion: trajectory of circular motion with a constant
acceleration for a duration of 2.0 seconds.

» Cruising Motion: trajectory of circular motion with a constant velocity
for a duration of 8.0 seconds.

» Slow-down Motion: trajectory of circular motion with a constant
deceleration for a duration of 2.0 seconds.

d

A dt o)
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. . * Rest to Velocity
* Velocity to Rest
» Equations of Trajectory During Speed-up Phase [0, 2] s: Start-Move-Stop Motions
0(0) = -

T 1
T2
6(t) = 2+2at

wr(t) = wgr(0) + at

v,(t) = (150.0 —g) X wr(t)

v-(t) = (150.0 +%) X wg(t)
x(t) — 0.0 = 150.0 cos(6(t))

y(t) — 150.0 = 150.0sin( 8(t))

> X
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. . * Rest to Velocity
* Velocity to Rest
» Equations of Trajectory During Cruising Phase [2, 10] s: Start-Move-Stop Motions

T
0(2) = -5+ 2a 0(t) = 6(2) + 2a(t —2)

wgr(2) = 2a

wg(t) = 2a

v,(t) = (150.0 —g) X wr(t)

v-(t) = (150.0 +%) X wg(t)
x(t) — 0.0 = 150.0 cos(6(t))

y(t) — 150.0 = 150.0sin( 8(t))

> X
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Solution (continued) . Velocity to Velocity

* Velocity to Rest
» Equations of Trajectory During Slow-down Phase [10, 12] s:  Start-Move-Stop Motions

T
6(10) = — =+ 2a + 16a .
6(t) = 6(10) + 2a(t — 10) — s a(t — 10)?

wgr(10) = 2«

wr(t) = wr(10) —a x (t — 10)

v,(t) = (150.0 —g) X wg(t)

v-(t) = (150.0 +%) X wg(t)
x(t) — 0.0 = 150.0 cos(6(t))

y(t) — 150.0 = 150.0sin( 8(t))

> X
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. . * Rest to Velocity
SO[Ut]On (COntlnued) * Velocity to Velocity
* Velocity to Rest

» Determination of the value of acceleration/deceleration a: Start-Move-Stop Motions

T T 1
0(12) = —o+2a+16a+4a—2a  {mm  6(t) = 0(10) + 2a(t - 10) — Sa(t - 10)2

wr(12) =0 6(12) =g

T T
—E+2a+16a+4a—2a=5

_T[
“=3%0

(Counterclockwise Acceleration)

> X
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Result
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Vision-Guided Planning of Trajectory

» A vehicle is following a moving target. The Y
vehicle’s vision system can measure the A
distances to points A and B of the moving target.
What should be the trajectories of the vehicle?

» Answer:

» Equation of velocity:
v(t,)+Av 1fd>D_

v(tk+1) - v(tk) 1f Dmin > d > Dmax
v(t,)-Av 1fd<D,_

» Equation of steering:
Ot )+A0 ifd,—d,<-¢
0(t,,,)=10(t,) if|d,—d,|<e
0(t,)-A0 ifd, —d,>+¢ > X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Start-Move-Stop Motions

Summary of Lecture 5

Rest to Velocity
Velocity to Velocity
Velocity to Rest

» Purpose of Trajectory Planning

» Input to Trajectory Planning

» Output from Trajectory Planning

» Process of Autonomous Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Summary of Module 3

» Task Planning

» Action Planning

Conceptual World

» Motion Planning

» Path Planning

Physical World

» Trajectory Planning

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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“Ask not what your country can do for you — ask what you can do for
your country,” - John F. Kennedy

“Do not think that you are needy — think that you are needed in the
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more
needed”, - Xie Ming

Thank You for Listening!
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