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About NTU
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Re member NTUOS VI siI C

Drive Global Impact

Transform Education

Operational
Excellence

Build Talent & Leadership Bench Strength

House of Talent
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Re member NTUOsSs MI s S|

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
| mprove the worl d e
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About You
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Remember your mission as MAE
undergraduates &

u 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.
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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.

u

User 6s
Instructions ) — )
Planning Digital | Perception
Modules Workspace Modules
Autonomy T
Systems
® COQUIO| | Under Wc':ritsua;ce
Modules Control P
Automation
Sensory
Modules
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About Course
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Why to study this course?

u Toward Using Robot Power to= Create

RS
=l = *\@ »

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 Manufacturings

2011 20xx

1784 1870 1969 Today
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i Market Demands or Needs

How to study this !

cou rse’) Product Specifications
' '

u To put yourselves into the Design Specifications
mindset of designers of robots {
as products: Conceptual Design

u Who are the users? ‘

Selection of Materials/Components/Devices

{

Embodiment Design

u  What are the needs of users?

v What are your robots which
could meet the needs of your

users or buyers? ‘ _
Prototyping
v What are the solutions ‘
behind the design of your Optimizi
robots? P Iinlzmg
Production
Marketing
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What to
Learn?

Roadmap of Learning:

Key Take-aways

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?

Mechanical Systems
Control Systems
Programming Systems

One Machine
Two Capabilities
Three Benefits
Four Pillars

hwnNPE

Robot
Advanced
Body

Key Take-aways

Dynamics under Control
Control in Joint Space
Control in Task Space

Robot
Advanced
Perception

Perception of Photometry
Perception of 2D Geometr
Perception of 3D Geometr

Robot

Key Take-aways

Robot
Advanced
Planning

Task Planning
Action Planning
Motion Planning

Advanced

Control

Key Take-aways
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How to Apply?

Talking Task Space Joint Space
A Seeing )
A Reading
A Thinking %% o
A Learning Sy gy U Inverse Kinematics &(q.d.d) o
Robot Intelligence g(z,#,#) y / \2(02, &, #zt)tj
@ robotMind L. &80 Kinematics é ... u
e U i - e u
| é(qy,df,,éﬁ)g \How to simulate motions? é(qn,Cﬁﬂ?f)u
o How to program motions? &g # #H)U Forward Kinematicg
Application
Domains Robot Control | |
How to simulate motions?
. (.48 Desired
Robot Dynamics @&————— .
. Motions
é(q2"ﬁ’£)l]: * Control | |«
e ... U < Actuator |« Amplifier [< Jr—_— .
e u gorithms |7 <
&an. . &)
Robot Body |
- | > Sensors @. cﬁ 27'1) How to control motions?
How to perform motions?
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Terminology Alert

u Advanced Roboticsis about the study of advanced
robots which could perform tasks in some intelligent
ways.

u Advanced Robotis a machine which has

u two capabilities (automatic control and autonomous
control),

u three benefits and
u four modules.
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True Foundation of Robot Intelligence

A One Tool

A Two Worlds — &
. C
A Three Intelligences Machine Intelligence o
A Four Pillars =
5 2 " 9
: %EU > 5 87.8 >5 — <
A Signal to Knowledge Gl 3% S F R -
Qo Qo< Qo
A Knowledge to Knowledge =g S ¢ z 8 == 5
. c c c Y—
A Knowledge to Signal X o X a ¥ 8 X & £
o <
Computer-Aided Intelligence
NEW FOUNDATION OF : ) R
ARTIFICIAL Human Intelligence 3
. . . -
INTELh'fENCE Natural Sciences Social Sciences o
Knowledge =
) “‘”I‘L"“~m Properties Constraints — C
atl_lra anguage

ey L Conceptual Worlds S
Human Languages %
{47 EEMBERT 5 I

T ———— | Wrowssane | | PhyS|CaI World
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Todayos Lectures &

uy Modul e 2: Robot ds Advanced
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY | | |

Module 2 _
MA4825 Robotics

Robot s Advance

#

Xie Ming, PhD (France) ~

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

u Perception of Photometry Q/Z&

u Perception of 2D Geometry T T

u Perception of 3D Geometry B =
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Outline of Module 2

u Perception of Photometry | Gp
| 5 M
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY | | |

Module 2 _
MA4825 Robotics

Lecture 1

Perception of Photometry

#

Xie Ming, PhD (France) -

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

v Basics of Sensing and Measurement
v Basics of Visual Signals

v Parameter(s) of Visual Signals

%\’O
1 Measurement of Photometry z& Qg/

5T
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Outline of Lecture 1

v Basics of Sensing and Measurement

!
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Sensing in Manufacturing Systems

=
&?" “I see the fix!"
s @/
o C

STATUS
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Sensing in Automated Production Lines

Manufacturers
-

LY Customer

Suppliers

Data analysis
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Sensing in Automated Equipment

2(3/,%#9 3 Inverse Kinematics g(ql,cﬁ,ﬁf)g
Motion Qx4 U da:.8. 8,
~ é ~

...... U
parT

Planning g(qx,ﬁ,ﬁ‘f)g
Bo.d.0) N\
ng"?z’&zt) H

Forward Kinematics

</Iotion Executio> 9

|
|
_ (@.4.&)
Dynamics <&——
g(q]_:(?l;%) g ti - |
é(q2’£’£)04 . : v Control -
e .. U < Link Joints |« Power Joints'< N N D E—
? u gorithms [* ‘| <
é(flméﬁﬂﬁ)u
|| »  Sensors
| (q| 1#1%

//
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How to do sensing and measurement?

Directly-detectable

Readable Values

7

Not-Directly-detectable Directly-detectable
Measurement _ _
Data without Unit
] of Mea\surement
| . Sensing g
Physical Quantities
Under Experiments | |
Data with Unit
. . of Measurement
Calibration >
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Outline of Lecture 1

v Basics of Visual Signals

| T ﬁ
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Emission of Photons

u An electron inside atom or
molecule can transit between the
ground state and excited states.

v When an electron inside atom or

molecule transits from an excited 4
state to the ground state, a photon absorption emission
IS emitted. : Excited
u States a2
-
o
£
g AF = hy AE= hy .
& ground state Sk
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Example

~ Ephoton = E1 - Eo
AN > G

Eo |Eq

before emission of photon after emission
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Sources of Light

u Any object, which emits continuously photons, is a light source.

light ray

another
light ray

sphere of light
around the
luminous source
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Understanding Lights (1)

u Lights travel along a straight line from a source. The path being
travelled by photons along a line are called a light ray.

T —

Ray Mod

Light rays
- illustrate the travel
of light in a straight
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Understanding Lights (2)

u Light rays can be reflected so as to change the directions of travel.

incident light ray reflected light ray /

/f/‘ ;

/ >

/ }

i A >

: \ ;

normal to the interface : w'\ >
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Example

Incoming
Rays
Reflected
Rays
KX XKXKK >
NN N NN
NN NN
NN NN
NN NN )
NN N
AN Principal axis
>—@
C F

2
%
Q
Q
@
L 4

Focal
length

B e e T

- -
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Use of Mirrors to Create the Effect of X
one object, two mirrored images

N

Image 2 ¥ T Tt TS mem e ——————
Mirror 2
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Understanding Lights (3)

u

Light rays can travel from one media into another media . Such
change of media will cause light rays to change direction of
travel. Such phenomenon is called refraction.

As the ray enters the glass from the

less than the angle of incidence
Angle of
incidence

RN air, it changes direction towards the
m_q-‘ ‘[ normal. The angle of refraction is

““ o Refracted ray

Angle of
refraction
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Example

= [ncident

Refracted Path ray would

transmitted AN < have taken if
ray ->» %, not refracted
\ "9 wavefront of
light approaching

left

glass block

N

glass block
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Example
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Understanding Lights (4)

u Light rays can end the journey by entering light receivers such as
eyes or cameras.

This bundle
enters the eye

Direct Light Rays Reflected Light Rays
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incident light rays
0.5 degrees off-axis

Example

Apochromatic
Doublet Refractor

detail of refraction
through lenses

image formed
off-center at CCD
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Understanding Lights (5)

u Atransparent device, with two spherical surfaces sharing a common
axis, Is called a lens. If the spherical surfaces are concave, the
Incoming light rays to such lens will be diverged.

—hd-l—

VL
Fcr:'ai'puh!{_,-""-r \

R TEIIT T o b A
L

\E: -

Negative {diverging) lens
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Understanding Lights (6)

u Atransparent device, with two spherical surfaces sharing a common
axis, is called a lens. If the spherical surfaces are convex, the
incoming light rays to such lens will be focused.

Focal point

Positive (converging) lens
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Example

Cross section of Human Eye

~ Lens
Iris

Cornea

Retina

Inverted Image
Of Object

Cilliary
Muscle
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Example

Blurry  Clear Blurry

¢

1!
Subject

/1
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Understanding Lights (7)

u Alight ray is composed of photon waves of different wave lengths
or frequencies, which create the sensation of colourful light rays.

Red
Orange
Yellow
Green
Blue
Indigo
Violet

Glass prism

Colorful 1s colorless while colorless is colorful
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Example

Incident _ / 60°)
light Red (660 nm)
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E)olorful IS colorless while colorless is colorful
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rd N\ S U/ \
oange \JS \/ \J U\

Yellow

RV AVAVAVAVAVAN
PR VAVAVAVAVAVAV;

ndgo SNV VVVWN
violet S VVVVVVVVW\

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



Example
Energy Increases

<€

102 meters 10 10¢ 10° 10° 103

1 nanometer 1000 nanometer 1 millimeter 1 meter 1 kilometer

Cosmic X-rays Microwaves Broadcast

rays band
Gamma Ultraviolet Infrared Radar

rays (UV) (IR)

YW\

Short Wavelenghts

Long Wavelengths
Visible Light

Ultraviolet Infrared

(Uv) (IR)

400 nanometers 500 nanometers 600 nanometers 700 nanometers

Colorful 1s colorless while colorless is colorful

50
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Understanding Lights (8)

u Red, Green and Blue are three primary additive colours. The
mixture of the primary additive colours can produce other colours.
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Example

Red

Rose Orange

Magenta ellow

Chartreuse

Violet Green

Blue reen

Green

Cyan
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Understanding Lights (9)

u Light rays are electro -magnetic waves which can serve as signal
carriers for data communications.
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Outline of Lecture 1

v Parameter(s) of Visual Signals

!
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What could be computed from visual signals?

Geometry Photometry
u  Path (Motion) u  Luminance (or Intensity)
_ Colour
Space
u  Direction (Appearance) u  Chrominance (or Colour)

———
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What is Path of Visual Sighals?

u Paths refer to the spatial locations that light sources pass through.
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What is Direction of Visual Signhals?

u Directions refer to the angles of light rays with respect to reference
coordinate systems.

/ \y o u Leftimage

>
o
o /.

i Y2

u
o—>

Image plane

Left camera
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Geometric Equation of Thin Lens (1)

1 1 1
+ = —
S S f
f: Focal Length
S1. Distance to Object
S2: Distance to Image

Real image

Normal Scope
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Geometric Equation of Thin Lens (2)

1 1 1
— 4+ p—
SL Sz f f: Focal Length
S1. Distance to Object
S2: Distance to Image
Kw‘:__.';l_q i [ " I

Micro Scope
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What is Luminance of Visual Signals?

v Luminance refers to a single value which represents the energy
levels of light rays.

Grey Scale Levels
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What is Chrominance of Visual Sighals?

Chrominance refers to a set of two values which represent the
colour information of light rays.

With Colours Without Colours

62
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Colour Spaces of Visual Signals

u  The values of luminance and chrominance form three -dimensional
colour spaces.
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Example of RGB Colour Space

RGB Color Space

Blue

L
L
N
N
.
N
LN
LN
LN
L
L
1

Green Red
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Example of L*a*b Colour Space

White |

+b

. Yellow

+a
Red

Black
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Example of HSV Colour Space

u  Hue (colour angle), Saturation (colour amplitude), Visual Brightness
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RGB Colour Space to L*a*b Colour
Space Conversion

eXg &0.607 0174 0.200xRg
3, U_ €& 6~ Ul
oY 5= 0299 0587 0114:5Gc
& [ é.000 0066 1116pEBY]

&L =2501(10001Y/Y,,)" - 160
12=500011[( X / X,.)" - (Y/Y,,)"]
tb=20001[(Y /Y, )" - (Z/Z,,)"]
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RGB Colour Space to HSV Colour
Space Conversion

M =max{R/255G/255B/255
m=min{R/255G/255 B/ 255
C=M-m

M-m
S= V=M G/255- B/255 i M = R/255

6C

| B/255- R/255+} £ M = G/25E
6C 3

R/255- G/ 255 2 ¢ M = B/EE
6C 3 -

—) —) CD:

L
[

—_— ) —) —
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Outline of Lecture 1

u
u
u
v Measurement of Photometry T ﬁ
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Vi sual Signal s Enact

Hardware and low level contTol by SRC

High level control.& progr ammlng by RTR
£ £ 4.7
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Vi sual Signal s Enapb
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Applications (1)

u  llluminations and communications

 Street Lights,
Traffic Signal

"Anticipated Uses of
VLC Technology

Office Lighting

) ‘Underwater
(th where the use of
standard wireless is limited)
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Applications (2)

v Visual Inspection

aouRSIp SUDjIoA

o—

g

/A’\\\.

| | Rkgwad )
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Applications (3)

u Vision for Measurement, Inspection, Surveillance, Guidance,
Recording, Learning, and Interaction, etc.

Camera or Electronic Eye

x_/

-Vie

‘\ _________ sl ! Light Rays |
Data

in f .
.-'--.--.-.‘

Physical World Conceptual World

O
O
k lE'dIFV
aperture

C
\®@
\—<,.
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How to measure photometry?

u Use of Photoelectric Device to Sense:

u  Intensities S g
Ve C
u Colors Y

uEWE N Ag
n
-

Re

LDR (optional)

Light Dependent Resistor

Aetive Fisel BHlock

.Incident light

Micro lens

Bow Salect .
Color filter

| Wafer

Fow Salect

Colum n Selaat Colum n Seleot
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A Person to Remember: Albert Einstein

u  He has discovered the photoelectric effect which is
the emission of electrons from a material caused by
electromagnetic radiation such as ultraviolet light.
Electrons emitted in this manner are called
photoelectrons.

Photoelectric Effect

The photoelectric effect is the emission of electrons from a
material when it absorbs light of sufficient frequency.

Emitted electrons (photoelectrons)

b b Nobel Prize in Physics 1921

Incident light (&

Metal

@ sciencenotes.org
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Anatomy of AN
imaGing board it

Principle of Measurement

u  The principle consists of converting lights
into optical images, which are then
converted into analogue images The
analogue images could be formatted into
time functions of voltages which could be
automatically measured by
microcontrollers or other advanced
electronic hardware.

Memory chips. Used
for temporary
storage when
transfer bus is too
slow. i

Data processing chip.
More and more, the
processing is being
done on a host
computer in software
rather than hardware.

Analog-to-digital
converter. Reads analog
signal and determines
digital representation

g P!
(0101010101).

Circuitry sets timing
and other parameters
for digitization.

IMAGE

RAW RAW
_—— SENSOR anALOG  DiGITAL
N EIMAGE IMAGE
“ o
m// 7z g 1T} IMAGE PROCESSED
/// =N > A/D "> procEssing — DIGITAL
2 M ,\ UNIT IMAGE
o)
@) [~
) )
Obisct =) | sensor ey RAW
" ‘:’ TE N voLTAGE
Reflected energy Optical system DPTICS SIGN AL TIMING
GENERATION
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The Pipeline of Signal Flows

_

. From Light Rays to Optical Image: MIMO

u

u 2. From Optical Image to Analogue Image: MIMO

| — MIMO
. From Analogue Image to Voltage Signals: MISO

u

1
2
3
u 4. From Voltage Signals to Digital Image: SIMO —
5. From Digital Image to Display
6

u From Digital | mage to | mage Proc:
IMAGE
RAW RAW
T SENSOR anaLoc  piGITAL
oH N EIMAGE IMAGE
Energy / % h“\.
% £ L IMAGE PROCESSED
7 = A/D PROCESSING ™ DIGITAL
V g N '\ UNIT IMAGE
oves B = pE= © N|{]raw
— : VOLTAGE
Reflected energy Optical system DPTICS SlGNAL TIMING
GENERATION
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Step 1: From Light Rays to Optical Image

Screen

Optical

"""""""" axis 11 N l :

Object

Image Sensor Array

Byte image[256][256];

SR
SR
—

| | | 1 ]
3D object Lens CCD / CMOS Digitzer 2D Digital Image

| sensor |
Digital Camera
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Step 2: From Optical Image to Analogue Image

Photodiode

When photodiodes receive

' light, a photoelectric conversion
\ produces electrical charges

5 (electrons). These electrons

A are then sent in vertical and

\  horizontal directions, and the

\  amount sent is determined by

'\‘ the intensity of the light
l‘
1
\
\
\
\
\

OO0

ololele,
0000

microlenses focus the light

from the lens onto individual
photodiode cells.

received by each pixel. Next,
in the CCD’s output layer, the
accumulated electrons are

converted to a voltage, which

\ creates each pixel's image
\output.

Color filter

Divides light into RGB(red,green
and blue) or CMY(cyan, magenta

1
and yellow) color components.

mpEa IR NEE

Flow of electrical charge (electrons) varies
according to light intensity. Light is

converted into an electrical charge.
]

Each pixel is a single—unit cell.
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Example of Imaging Sensor

Pl o) 0:00/3:41
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Step 3: From Analogue Image to Voltage Signals

. Resetgate Vprr VDb
Basic CCD Theory ’ ’ ’
' Reset
e 5K SWItCh Source
- ol awl, ! Follower
S ’_ s ' =i
‘- — ' Lig ?HOT(VSF)
/Orsasiszsizseisasasieseis0 . \ S S(Vsr)
VsN osuor
= Raindrops = Photons - Conveyor Belts = CCD Shift Register Node
- Buckets = Pixel - Metering Glass = Sense Capacitor (SN)
Pixel 1 Pixel 2 Pixel 3 =
I 1 2 3 . 1 2 3 ' 1 2 3 F

Pixel = Picture Element
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Example of Image Acquisition
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Furt her | | l ustrati on &

One Dimensional Time Signals
Which Consists of a Series of Line Signals

T e

On-chip microlens

\ Color filter /

1

Two Dimensional
Spatial Data
(Matrix of Image)

Color
Filter
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Step 4. From Voltage Signals to Digital Image

horizontal sync pulses horizontal sync pulses
vertical sync pulses

| even field | | odd field |

. interlaced video signal
Sample times RS-170 standard
Analog

input / \5‘

Digital

B L
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Step 4: (continued)

. N 111 Analog-to-digital converter (ADC)
111 = v
_ S 110 E
101 0
Y A 100 || $ .
2100 - 8
———————————— 011 éon g An &-level (3-
3011 - - bit) ADC
________ - - - 010 s. < coding scheme
________ e _ 001 || 8907
001 -
__________ - - 000 Fraction of Full =)
000 T T T S?ale | 1 1
0 0.25 0.5 0.75 1.0
Normalized Analog Input Voltage
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horizontal sync pulses horizontal sync pulses
vertical sync pulses

l

interlaced video signal
/\Hawwiden signal
. : ElrightT
videa signal A A Binary level

RS-170 standard
analog signal
i g =g }Darl{l

Example of
Quantization

+0.714V

+0.054v
ov

Slgnal for
harizontal

syhchronization | E;Sﬁg‘[ 7 Divided
into
Digital signal Rixels

clock ML, < ere

a00 pixels (Horizontal)

Byte image[480][500];

0 pixels MWerical)
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Step 5: From Digital Image to Display

u  Output from digitization of visual signals is a series of three images:

red component image, green component image and blue component
Image. These images can be displayed.

(X,,2) 0.0.2) 0
(0,0,1) : 0 = |
(0,0,0) yers 0 "‘W;
\@0 00 - 0 I DISPLAY
=1 0
0

0 4 0
1 |

2
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Example of Pixel Values of Specific Colour Effects

R |G . R |G .
255 O 0| FF0000 240 | 160 | 160 | FOAOAO 238 (170 (170 | EEAAAA
255 (127 ( O | FF7F00 220 (180 | 140 | DCB48C 221 (187 (153 | DDBB99
255 (255 ( 0 | FFFF00 200 (200 (120 | C8C878 204 (204 (136 | CCCCs8
127 | 255 | 0 | 7FFF00 180 | 220 | 140 | B4DC8C 187 | 221 | 153 | BBDD99
0|255 | O | OOFF00 160 | 240 | 160 | AOF0AO 170 | 238 | 170 | AAEEAA
0 | 255 | 127 | OOFF7F 140 | 220 8CDCB4 153 | 221 | 187 | 9SDDBB
0| 255 OOFFFF 120 | 200 78C8C8 136 | 204 | 204 | 88CCCC
0| 127 007FFF 140 | 180 8CB4DC 187 | 221 | 99BBDD

§
o

B 2
5 2
2|8 8 B 8B 8 8

ﬁﬁ;ﬁﬁ
:

B
g
8
g
£
%

(-]
o
o
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Step 6: From Digital Image to Image Processing

u  Output from digitization of visual signals is a series of three images:

red component image, green component image and blue component
Image. These images can be processed.

(X,Y,2) 0,0.2) 0
(0,0,1) : 0 ﬁ
(0,0,0)\m ‘0 0! 0 0 ﬁ"i———“: Processing
=Tola210 0
0|0 = ]
] '1“ 2
2
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Summary of Lecture 1

v Basics of Sensing and Measurement
v Basics of Visual Signals

v Parameter(s) of Visual Signals

%\’O
1 Measurement of Photometry z& Qg/

5T
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Outline of Module 2

u Perception of 2D Geometry T T
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY | | |

Module 2 _
MA4825 Robotics

Lecture 2

Perception of 2D Geometry

#

Xie Ming, PhD (France) -

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

v Basics of 2D Geometry
v Parameters of 2D Geometry

v Measurement of 2D Geometry

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



School of Mechanical & Aerospace Engineering

Outline of Lecture 2

v Basics of 2D Geometry
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Understanding 2D Geometry (1)

u 2D geometry refers to the appearance of physical entities in a two -
dimensional space.

u 2D space consists of a set of positions which are fully determined with
two coordinates.

4 N
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Understanding 2D Geometry (2)

@ Al KX

u  The appearance of physical
entities in a 2D space is

manifested in the form of Circle Triangle Square Star
shapes. ( .
Crescent Rectangle Pentagon Hexagon
Octagon Rhombus Cross Trapezoid
Y
Arrow Heart Parallelogram
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Understanding 2D Geometry (3)

u  Complex shapes in a 2D space are the results of compositional
rules such as:

u  Connect Between Points(point of shape 1, point of shape 2) at
Angle(angle between shape 1 and shape 2)

u ConnectPointsAtAngle(point, point, angle)

u  Connect Between Curvegqcurve of shape 1, curve of shape 2) with
Offset(distance between the endpoints of two curves)

u ConnectCurvesAtOffsef(curve, curve, offset)

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

u  Connect Between Points(A, B) with Angle(60°)

/ L%
L> 9 %
B ’

L,

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

u  Connect Between Points(A, B) with Angle(45°)

L, A &
L,

a®» N

N
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Example

u  Connect Between Lines(C1, C2) with Offset(d)

c2 “ \
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Understanding 2D Geometry (4)

u  The sum of inter angles of a 2D polygon is equal to (N-2) x 180 degrees.

O <> >
N=5 N=4 N=3  N=2

G=540° G=360° G=180° G=0°
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Understanding 2D Geometry (5)

u  The appearance of physical entities in a 2D space also includes
the travelled locations.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Understanding 2D Geometry (6)

u  The spatial locations travelled or to be travelled are called paths.

7
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Example of Path

Both wheels on the same path Different paths for each wheel
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Understanding 2D Geometry (7)

u  The spatial locations with time constraint are called trajectories.
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Example of Trajectories

5
4.5t

—— leader
........ follower 1
- = = follower 2

0 1 2 3 o 5
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Example of Trajectories of Angular Positions

Reference positions

. — Joint 1
=== Joint 2
1.5/- === Joint 3
—Joint 4
\ ------ Joint 5
1 \ ------- Joint 6
S 05
o
c
_9 2T
= S @
g ° 2y
S .05 “ s
'1 ‘. .': N .!.i
A\ { S i
\ ! I
.\\-’i' a\ ,"
»
2
0 1 2 3 4 5 6 7 8 9 10
Time(sec)
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Example of Motion Planning and Control

10| x(2) (1)

2
1

0.1 0.230.32 0.4 .5
-1
-2
0.1 0.2 0.3 0.4 0.5

x(1) (1)

35

40

w 25 30
= 20
S e 10

0N 0.2 0.3 0.4 0.5

c -10
-20

o.1 0.2 0.3 0.4 0.5

Time (sec) Time (sec)

cm

mis?

mls?
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What is the scenario of coordinate
transformations in general?
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Basics of Homogeneous Transformation

O Y Y }
T TU TT P
0 Y Y Y }
T TU TT P

Camera Frame

% 4 ]
Image plane "O "O "O

O O

World Frame
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Transformation of Coordinates in 3D Space

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

l i l 0
, l i l o)
O N\ N\ N\ 1 CE——
Camera F[ame l l l O
°X | m T T pP.
Image plane
_ (b_ I
rZ T v (D
I'Y .......... .*Q / u) ,O E (D
X A )
Reference Frame
B p i i p i
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Practices with Rotational Transformation

Z
Y o
Y After Rotation C 1
n About X Axis &= ax = 90*pi/180;
X X 3- rx=11 0 0 ;

4 0 cos(ax) -sin(ax):
Z .
. 5 0 sin(ax) cos(ax)];
Before Rotation Y .
After Rotation X ;: T 90*pi/160; . . _
About Y Axis N ry = [cos(ay) sin(ay);
9 0 1 0 ;
Z 10 -sin(ay) 0 cos(ay)]1:
X 11
After Rotation 12 — az = 90*pi/180;
About Z Axis 13— rz = [cos(az) -sin(az) 0;
Camera Frame Z 14 sin(az) cos(az) 0;
c . 15 0 0 11;
X Y 16
Image plane 17— r 2 rx*ryrz
18
19

Command Window

New to MATLAB? See resources for Getting Started.

Y "*Q 0.0000 -0.0000 1.0000
rX 0.0000 -1.0000 -0.0000
1.0000 0.0000 0.0000

Reference Frame
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Outline of Lecture 2

v Parameters of 2D Geometry
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There Are Two Types of
Parameters

u  Pose:

u

u  Shape:

u

<

Jocal

~

It refers to positions and Y

. . .. globa
orientations of entities A X|oca|
with respect to a Global O|oca|

Coordinate System.

<

Jocal

~

It refers to outlines of local
entities with respect to X
Local Coordinate Systems o* S
assigned to these shapes, local
respectively.

global
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Parameters of Positions in 2D Space (1)

r=(X,Y)

Yglobal
A
e [ ]
.
L ]
® YIocal
%ocal L ® ®
[ ]
- X local
L]
X local local
® local *
.
OgIObal - gIObaI
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Parameters of Positions in 2D Space (2)

ax(t)o aat+b, g

(t) %(t) %yt+b8

ax(t)o aaxt +bt+c 0
0
(t) %(t) a%yt +byt+cy9 < ¢

ax(t)o aaxt3+bt +ct+dX8

- B8 @ +b 2 ct+d,S
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Example

u A mobile robot moves on a floor by following a straight line. It
passes point A(2.0, 2.0) (cm) at time t1=1.0 s, and point B(4.0,
7.0) (cm) at t2=3.0 s. What are the coordinates of the origin of
the local coordinate system assigned to the mobile robot?

u  Answer: A Yaiopa
as310+b =20 » a =10
a330+b =4.0 b, =1.0
a,21.0+b =20 a, =25
a,23.0+b,=7.0 b, =-05
rC(t) _ Ea&g((t) 6: é’\n t+1.0 g
g%)@ 2.5t - 0.52 X i
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Parameters of Lines in 2D Space

y=ax+Db

Local

Local
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Example

u

Aline in a 2D space passes through two points: (2,3) and (10,8).
What are the parameters of the line?

Answer:
10
-3 8-3 ;
y = g (10, &
x-2 10-2 ; <
4
5 ; 2.3
> :
=—(x-2)+3 1
8 1 234 56 7 8 5% 10

=2y -2 f
y_8X+4 E> (a’b) (814)

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



School of Mechanical & Aerospace Engineering

Exercises

Find the equations of these straight lines.

y b y c y
4 ’ 4 4
-+ | |
2 7 2 2
v
—4+-21+A2-1 4% -_4+/51 241X _4+-2 214
2 : .
71 4 "
y e y f y
4 4 4
| | ;
2 2 2
_AheD 21 41X RS 21 4-1x 412 2-1-4
_2 72 .ln’
| 1 %
4 -4 L4
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Parameters of Circles in 2D Space
2 2 — ,2
(X- %) +(y- Y.) =T

Local

C) > XLoca

Local
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Example
u  What are the parameters of the circle shown in the figure?
A
u Answer: // F \\j\
/ N
/ A
ax. 0 & 20 \ 1
20 %8 \. / R
.02 0 S MBS 2 LA 123 4 5,
& 0 &30 ,
(; - (; - -f

1
W
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A mechanical gear is under visual inspection. If the tips of the

gear 06s three teeth are at the positi
y3), what are the parameters of the circle which envelopes the

tips of all the teeth of the gear?

Answer:
(% - %) +(y;- ¥)>=r"
(% - %) +(Y,- ¥)*=r"

(Xs- X)°+(Ys- ¥o)*=r7

(to continue)
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X - 2% X%+ X Yy - 2y, Y Y, =1
X = 2%%, H X T Y, - 2Y,Y + Y, =1
Xs = 2XgX, F X Y5 - 2YpY Y, =17
2(% - X )% F2(Yy- Vo) Ye =X - X5 Y- Vs
20X - X)Xt 2(Yy- Vo) Yo =X - Xt Yy - Vs
2% - %) 2(Y,- ¥,)0, eX.B_exZ- x;+yl- yi o
2(%- %) Y- YU el &¢C- X +yP- y2h

oX.0_ 2% - %) 2AYi- Y8 OF- X +yl- yie

— e u
.0 206-%) 2AV- Y eC- xC+y2- v
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Representation of Curve-type Shape
In 2D Space

ey" o
eyn_lu
n n-1 e U—
Q 4 [X X 1]P”3“é..u 0
% : 610
W1 AAI QH n=1 2 é

Any curve could be approximated
by a set of line segments and arcs

¥

Next Slide
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Example of Using B

, 15 First-order

Spl i1 nes é s

0
2 4 6 8 10 =x
(a)
Jx) 4
2 -
0 |
A
(b)
1% W W W wwaQ
= Cubic
spline Interpolating
2 cubic
0 L.
X
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Outline of Lecture 2

v Measurement of 2D Geometry
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Applications

u Inspection

u  Grasping

u  Manipulation
v Guidance

u  Cognition / Recognition
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