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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 ...
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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.
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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
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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
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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.
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Today’s Lectures ...

» Module 2: Robot’s Advanced Perception
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MA4825 Robotics

Robot’s Advanced Perception

#

Xie Ming, PhD (France) ~
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Outline of Module 2

» Perception of Photometry <)

» Perception of 2D Geometry T T

» Perception of 3D Geometry = &
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Outline of Module 2

» Perception of Photometry . (Q;&Q/
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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

» Basics of Sensing and Measurement
» Basics of Visual Signals

» Parameter(s) of Visual Sighals

p@
» Measurement of Photometry z& Qg/

5T
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Outline of Lecture 1

» Basics of Sensing and Measurement

!
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Sensing in Manufacturing Systems

7=
&?" “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

[(x,%,X)

(.3, 5) Inverse Kinematics i 6,,6,,6,) |
Motion (z,2,) (0,,0,,0,)

S 2 Y i
Planning - o
,,0,.6,) (6,.0,.0,)]
/gx (6.,0.,6.) | Forward Kinematics
§
i |
< |
[
i)
‘5 . ..
\E/ (81 H 01' s 91' )
Dynamics —
(01 9 61 5 01 ) -
(02 g 6)2 > 92) v ' C
D ; : ontrol  |e«— |«
...... “ Link Joints |«— Power Joints | -
) .0 orithms [* | «
_(en’en’en )_ g <
-
[ )
Sensors
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How to do sensing and measurement?

Directly-detectable

Readable Values

N
7

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

>

» Basics of Visual Signals

: T ﬁ
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Emission of Photons

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

» When an electron inside atom or

molecule transits from an excited 4
state to the ground state, a photor absorption emission
is emitted. g Excited
u States a2
&
g
ol I AE = hy AE=hy -
& ground state SE
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Example

%** Ephoton =E1-Eo
>C/ D

Eo |Eq

before emission of photon after emission

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



School of Mechanical & Aerospace Engineering

Sources of Light

» 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)

» 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)

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

incident light ray reflected light ray /

/f/‘ ;

/ >

/ >

i I\ >

| \ ;

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

- -

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



School of Mechanical & Aerospace Engineering

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

N

Mirror 1

------------ Eye
Image 2 &~ CT Tt TSt ————— y

Mirror 2
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Understanding Lights (3)

» 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)

» 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

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

ZHVD
sRvCe
moe**?
'.'.lglt

- '.'
" “:,-_
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Example

incident light rays
0.5 degrees off-axis

Apochromatic
Doublet Refractor

detail of refraction
through lenses

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

» A transparent 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)

» A transparent 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)

» 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 is colorless while colorless is colorful
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Example

Incident _ / 60°)
light Red (660 nm)
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Example

Colorful is colorless while colorless is colorful

rd N\ S U/ \
oange \JS \/ \J U\

Yellow

SN AVAVAVAVAVAN
PR VAVAVAVAVAVAV;

ndgo SNV VVVWN
violet S VVVVVVVVW\

Human Being’s Sensation
\
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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 is colorless while colorless is colorful

48
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Understanding Lights (8)

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

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



School of Mechanical & Aerospace Engineering

Example

Red

Rose Orange

Magenta ellow

Chartreuse

Violet Green

Blue reen

Green

Cyan
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Understanding Lights (9)

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

>

» Parameter(s) of Visual Sighals

!
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What could be computed from visual signals?

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

———
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What is Path of Visual Sighals?

» Paths refer to the spatial locations that light sources pass through.

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



School of Mechanical & Aerospace Engineering

What is Direction of Visual Signals?

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

/ \y o u Leftimage

=
®
o /.

i Y2

u
oC—>

Image plane

Left camera
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Geometric Equation of Thin Lens (1)

| 1
s's, f
1 » 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
R f Focal Length
Sl Sz f 5 (_)ca eng |
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?

» 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 Signals?

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

With Colours Without Colours

60
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Colour Spaces of Visual Signals

» The values of luminance and chrominance form three-dimensional
colour spaces.

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



School of Mechanical & Aerospace Engineering

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

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

X [0.607 0174 02007 R
Y |=|0299 0587 0114 |G
Z | 10000 0066 1116 | B

(L =250e(1000eY /Y )" —160
a=5000e[(X/X ) -(X/Y )]

max max

b=2000e[(Y/Y, )" ~(Z/Z,,)"]

max max

/AN
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RGB Colour Space to HSV Colour
Space Conversion

M =max{R/255,G/255, B/255)
m=min{R/255,G/255,B/255)

C=M-m
M—-m
S = 7 V=M  G/255-B/255 it M =R/255
6C
= B2 RIZ0 1 ey Giass
6C 3

R/255-G/255 2 .
6C 3 BT
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Outline of Lecture 1

>
>
>
» Measurement of Photometry T ﬁ
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Visual Signals Enable Interaction ...

Hardware and low level contTol by SRC

High level control.& progr ammlng by RTR
£ £ 4.7
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Visual Signals Enable Automation ...

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



Applications (1)

» [lluminations and communications

"Anticipated Uses of
VLC Technology

~ Underwater
{Places where the use of
standard wireless is limited)
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Applications (2)

» Visual Inspection

aouRSIp SUDjIoA

g

/A’\\\.

| | Rkgwad )
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Applications (3)

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

Camera or Electronic Eye

i

— SN
..._._?mg"ﬁ;‘“ Light Rays -/ |

e\ @ @ @ )
e ® ® Vo
o 9= \

Physical World Conceptual World
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How to measure photometry?

» Use of Photoelectric Device to Sense:

» Intensities (::@
Ve C
» Colors ) “a
. N
25,} PD — B
Rg Vout =
LDR (opfional)
Light Dependent Resistor
St Fixel Black {}u.
e
Pl "
.Incident light
Micro lens
Fow Seleat Color filter
| Wafer
n Wiring
Fow Sel=ct

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

» 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)

LY Nobel Prize in Physics 1921

Incident light (&

Metal

@ sciencenotes.org
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Principle of Measurement Awomof a

imaGinG board it

» 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 ey

processing is being
done on a host

electronic hardware. bl

rather than hardware.

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

Analog-to-digital
converter. ‘Reads q"qlcg
Circuitry sets timing signal and determines
and other parameters digital representation

kf
for digitization. (0101010101).

IMAGE
RAW RAW
S SENSOR anaLoc  piGITAL
~ “IMAGE IMAGE
Enel / % h‘\. )
p 4 e ] IMAGE PROCESSED
/// = h“x%;h- A/D —» PROCESSING —® DIGITAL
S N '\ UNIT IMAGE
5 It
) )
Object - |Sensor T RAW
; ‘:’ TE N voLTAGE
Reflected energy Optical system DPTICS SIGN AL TIMING
GENERATION
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The Pipeline of Signal Flows

_

» 1. From Light Rays to Optical Image: MIMO
» 2. From Optical Image to Analogue Image:  MIMO
P g g g — MIMO
» 3. From Analogue Image to Voltage Signals: MISO
» 4. From Voltage Signals to Digital Image: SIMO
» 5. From Digital Image to Display
» 6. From Digital Image to Image Processing ...
IMAGE
S SENSOR Ui\ oG DIGITAL
//Q Ul]l/\ ° TNEIMAGE IMAGE
o /// § i IMAGE PROCESSED
< 7" =¥ (N[5> A/D PROCESSING [~ DIGITAL
<& % H,‘\ \ UNIT IMAGE
=) . © =L h
43 el e
Reflected energy Optical system SI G N A
OPTICS - 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 Sighals

. 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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Further Illustration ...

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

horizontal sync pulses horizontal sync pulses
vertical sync pulses
+0.714W

i ACTALeE
1

|_|g ht Rays RS-170 standard
Two Dimensional

Spatial Data
(Matrix of Image)

On-chip microlens

\ Color filter /

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 é g An &level (3-
011 - - bit) ADC
________ - - - 010 %. < 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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EX am p l e Of horizontal sync pm:nm . H;nrhuntal sync pulses
Quantization

+0.714V

l

+0.054v
ov

line 3 lines

| sven fleld . | odd field |
interlaced video signal
RS-170 standard
Hawwden signal
deo s Bright]
Yideo signal ~
{analog signal) "'-.._..-'1 Binary level
Dark | |
slgnal for
hiarizontal

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

ook M. 1 oS

a00 pixels (Horizontal)

Byte image[480][500];

IZI pixels Merical)
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Step 5: From Digital Image to Display

» 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 0
.:lﬂ 2

2
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Example of Pixel Values of Specific Colour Effects

R
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

» 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.

e (0.0,2) 0
(0.0.1) 1 0 ﬁ
(O,O,O)E ‘0 0! 0 0 :6;1‘{-———‘: Processing
noADE
0(0 "RO
] 1 T 2
2
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Summary of Lecture 1

» Basics of Sensing and Measurement
» Basics of Visual Signals

» Parameter(s) of Visual Sighals

p@
» Measurement of Photometry z& Qg/

5T
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Outline of Module 2
g ;f“ W

» Perception of 2D Geometry T T
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NANYANG School of Mechanical & Aerospace Engineering

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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QOutline of Lecture 2

» Basics of 2D Geometry
» Parameters of 2D Geometry

» Measurement of 2D Geometry

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

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

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

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

4 N

~
7
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Understanding 2D Geometry (2)

@ Al KX

» 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)

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

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

» ConnectPointsAtAngle(point, point, angle)

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

» ConnectCurvesAtOffset(curve, curve, offset)

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

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

/ cg\
L> 9 %
B ’

L,

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

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

L, " o«

L,
a®» AV
.
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Example

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

g : \
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Understanding 2D Geometry (4)

» 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)

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

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

» 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)

» The spatial locations with time constraint are called trajectories.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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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
=== Joint 3
—Joint 4
\ ------ Joint 5
\' """" Joint 6
£o)
o
€
_9 s
= S o
i~
O Noos’
©
-1 Y ! \\
A\ { S
S ; i .
'\\_,f' a‘ :-
»
25
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)

L]
[
E 0.1 0.230.32 0.4 .5
-1
-2
0.1 0.2 0.3 0.4 0.5

o] X #(1)

40
oL 30
20
15 10

0. 0.2 0.3 0.4 0.5
5 -10 \_/
-z0

o.1 0.2 0.3 0.4 0.5

Time (sec) Time (sec)

cm

B = o oo

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

— Rcamera Tcamera}

Hcamera — O O O 1

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

Image plane Heogmera X Hyoria = laxa

H camera — ‘fworld
"z i ...........
rY .......... Q /
"X
World Frame
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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.
(711 T12 T13 Uy
T T T t
CHT — |21 22 23 y

Camera Frame 31 132 733 Z
‘ L 0 0 0 1.

Image plane

7 ¢ Q / cy| ey ry
= r [ ]
X A "Z

Reference Frame

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

Z
Y | Y € -
After Rotation 1
N About X Axis 2-  ax = 90%pi/180;
X X 3= rx = [1 0 0 ;

Z 4 0 cos(ax) -sin(ax):
. 5 0 sin(ax) cos(ax)]:
Before Rotation Y ‘
After Rotation [ X 7= ay = 90*pi/180; _
About Y Axis n 8 — ry = [cos(ay) 0 sin(ay) ;
9 0 1 0 :
Z 10 -sin(ay) 0 cos (ay)]:
X 11
After Rotation 12— az = 90*pi/180;
About Z Axis iL.3)= rz = [cos(az) -sin(az) O0;
Camera Frame Z 14 sin(az) cos (az) O;
15 0 0 117
16
Image plane Y L7 = r = rx*ry*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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QOutline of Lecture 2

>

» Parameters of 2D Geometry
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There Are Two Types of

T
Parameters @ @
!

local

» Pose:

» It refers to positions and Y
. . i global
orientations of entities A X local

with respect to a Global 01oca1
Coordinate System.

\local

\local

» Shape:

» It refers to outlines of
entities with respect to X

Local Coordinate Systems
! 01

assigned to these shapes, ocal
respectively.

local

local

> X

global
global

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Parameters of Positions in 2D Space (1)

r=(x,))

Yglobal
N
. [ ]
.
L ]
® Ylocal
dljocal L ® -
®
. X local
L]
X local local
e local *
.
—_—
> X
Oglobal global
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Parameters of Positions in 2D Space (2)
- (x(0)) _(ad+b,
0= ( y(t)} - [ayt + by]
Lo (X)) at’ +bt+c, |
r1)= [y(t)] - (ayt2 +bt + ch ¢ ¢

at’+bt’+ct+d.

m):[ j( e ]
y(¢) at +bit +ct+d,
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Example

» 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?

» Answer: A Yo

a x1.0+b =2.0 » a =1.0
a,x3.0+b, =4.0 b =10

a, ><1.0+by =2.0 » a, =25
a, ><3.0+by =7.0 by =—0.5

. x(2) t+1.0
0o/l s
y(?) 2.5t—0.5

X Global
~
Global -
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Parameters of Lines in 2D Space

y=ax+b

Local
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Example

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

» Answer:
10
a
y—3:8—3 : 05
x—2 10-2 ; <
4
5 § @3
y=—(x-2)+3 1
8 1 234 56 7 8 5% 10
5 7
=—X+— a,b)=(=,—
y=gxty = (a,b)= ( )
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Exercises

Find the equations of these straight lines.

a y b y c y
4 / 4 4
] / % %
2 7 l2 2
//
A+ -21 A2 41X A2 4 42 241X
4 -4 22
d y e y f y
4 4 4
| | f
2 2 2
—4+-2 241 4t - 24X - 4+-2 241X
2 72 .ln’
| ] |
-4 -4 -4
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Parameters of Circles in 2D Space

2

(x=x,) +(y=y.) =r

Local

Local > Local

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example
» What are the parameters of the circle shown in the figure?
A
» Answer: ,/ \A\
/ [ 1]
L
(x.) (-2 \ 1
X 1/
4
Y. |=| 2 S AB 2 LA 123 45,
=L
) L3 2
=3
-4
5
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Example

A mechanical gear is under visual inspection. If the tips of the
gear’s three teeth are at the positions (x1, y1), (x2, y2) and (x3,
y3), what are the parameters of the circle which envelopes the
tips of all the teeth of the gear?

Answer:

2

('xl _xc)2 +(y1 _yc)2 =r

2

(x2 _'xc)z +(y2 _.yc)2 =r

2

(x,—=x) +(ys—y.) =r

(to continue)
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2 2 2 2 2
Xp =2x X, + X, Y =2y Y =

2 2 2 2 2
Xy 26X, X, Y, =2y, Y =T

2 2 2 2 2
Xy =2XX, + X, + Yy =2y, Fy. =7

200, = x,)x, +2(y, = V,) Ve :x12 _x22 +y12 _J’22

2(x, = x3)x, +2(y, — y3) ¥, =x12 _x32 +y12 _)’32
{2(361—362) 2(%-%)}{%}{&2—%+yf—y§}
2(x,—x3) 2(y,— ) Ve x12_x§+J’12_J’32

“1
|:xc:| :|:2(x1 -x,) 20y, _J’2)} .|:x12 _x22 +y12 _yzz}
Ve 206, —x3)  2(y,—Y3) x12 _x32 +y12 _y§
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Representation of Curve-type Shape
in 2D Space o

V

n—1

n n—1 y

$ N 1
Yiocal QH ) ) n=1,2,...

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

¥

Next Slide
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Example of Using feo
Splines ...

First-order
spline

2 -
0 |
2 4 6 8 10 «x
(a)
Jx)
e Second-order
spline
2 -
0 1
x
(b)
1) y=ax3+bx?*+cx+d
= Cubic
spline Interpolating
2 |- cubic
0 e
R Y
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QOutline of Lecture 2

>

» Measurement of 2D Geometry

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



School of Mechanical & Aerospace Engineering

Applications

» Inspection
» Grasping

» Manipulation
» Guidance

» Cognition / Recognition

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Vision-Guided
MampUlathn analysis

computer

hyperspectral
imager

conveyor belt
with commodity

direction of motion =——————p
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Example of Vision-Guided Quality
Control in Manufacturing

:I.aser|

CCD Camera I
V —
= 3D Height Information
N
z
| l Y L
X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Vision-Guided Material
Handling in Manufacturing

-
Camera

Gig E

Photosensor Conveyor

7

PLC |
TCP/IP

.

J
—— PC
m .
Conveyor
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Example of Vision-Guided Locomotion
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.
Example of
Vision-Guided
Locomotion
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More Example

Far Point

]
=
=
-]
=)
-
=
-~

s D

| ¥ ! %

| ¥ ‘ %

i o =. %
Near Point + I.Near Point

(a)

(b)

':lNear Point
Q

()
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More Example
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Principle of Using Single Camera

» The geometry of physical

entities in a 2D space depends

on the coordinates of points.

» The measurement of
coordinates of points in a 2D
space can be achieved with a
single camera or monocular
vision system.

» A monocular vision system
relates the coordinates of
points in 2D space to the
coordinates in image space in
a unique way.

4
Y
Computer
Image World
Coordinate w Coordinate
System h-v System X-Y-Z

Image
Coordinate
System x'-y'

Camera
Coordinate
System x-y-z

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

Monocular
L : Step 2: Image Step 3: Image
V]Slon eee Step 1: Image > P 9 —| Processing & Pattern
Sensing by Camera Digitization Recognition

Image
Geomet

Step 4: Measurement of

What is a motion flow?
It refers to a flow of
coordinate systems

A 4

Object Geometry in 2D

or 3D space

Object
Geometry

v

[Step 5: Motion Planning ]

Motion
Series

Motion Mechanism

Control Step 6: Control of
Command <

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equations of Monocular Vision

Monocular Vision Matrix

! L

g ko' X a b ¢\ (u
q > | ke'Y —[d e f}[vJ
0 >x k g h 1 1
\1/ Camera Frame
v
' y \ Image plane

Image Processing Digital image

4

CAD>

y

I’Z
Y

Reference Frame
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Proof Step 1:

» We consider the case of the measurement of points on a 2D plane:

H U O

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



School of Mechanical & Aerospace Engineering

Proof Step 2:

» We use a single camera as the sensing device:

Near Far Image
Plane

2D space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Proof Step 3:

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

711 Tz Tiz Uy
cy = |21 T2z T3 ty
Camera Frame r T r31 T3 T33 t
A
Image plane L 0 0 0 -
— C - l — r -
c r
'z Y c Y
r Y ~.~.,.'.. Q / C p— H ,r, (] r
» Z Z
Reference Frame _ 1 i L 1 i
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Proof Step 4:

» The coordinates in camera frame can be projected into the
coordinates in image plane:

c C
X Y
x=fe— and y=fe—
/ /

Camera Frame l
Image plane Sox f 00 0 ‘X
sey|=0 f 0 O]fe c;
S O 0 1 O |

Reference Frame
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Further Proof Detai /\
0p0c _ PCOP _ Z; _ Xc _ & mage plane \\

OOC_PdO_f Xd YVd W >

Z X X
e _ ¢ » X4 =f_c Pué& Yu)\ PX4, ya)

=V

=Py (Xxa,Ya,f)

Object plane
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Proof Step 5:

» The image sensor creates an analogue image from the light
pattern in the image plane:

Camera Frame

Image plane

cco photon to electron CMOS ry L Q
conversion v

k = . Reference Frame
i charge J—QD

| to voltage A

] conversion T

o
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Proof Step 6:

» The analogue image produced at the
image plane can be digitized into the
corresponding digital image:

|u0 , U
|
(x,y) :
qQ

0 S
vo """" > X
Camera Frame
v v
\'
y \ Image plane
Digital image

y

L T

A

rZ .............
rY ......... Q
Analogue /
image X

Reference Frame
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Proof Step 7:

» The coordinates (x, y) in image plane can be converted into the
coordinates (u, v) inside image matrix:

X
u:uo+A— and v:vo+Al
u V
Uq g 3
|
(xy) 1 1
Q — 0y,
0 R u Au X
[Z0] > X vi=| 0 ALV v, |o| ¥
1 0 0 1 1
Camera Frame
vy v
y Image plane

Digital image

y

CAD>

4

Analogue /
image "X

Reference Frame
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Further Proof Detail ...

_ X
Au
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Proof Step 8:

» The coordinates (X, Y, Z) in reference frame can be related to the coordinates

(x, y) in image plane:

— CX_ — T‘X_
c r
CY _ < H,. o 7‘Y

YA YA
1 4 L1
(711 T2 T3 Gy
21 T2 T23 Uy
31 T3z T33 U

0 0 0 1
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SoXx

sey

S O N
S - O

11
21
31

L 0

_— O O

oS O O

T12
122

I32
0

‘X

Y

‘Z
1

"X
Y
"Z
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Proof Step 9:

» The coordinates (X, Y, Z) in reference frame can further be related to the
coordinates (u, v) inside image matrix:

(711 T12 Tiz ]

Sex f 0 0 O
(s-}/):(o f o O) 21 T2z Ta3 iy Y

31 T3z T3 U;|| "7
S 0O 0 1 O
o 0o o 1l\4
1
seu Ay Q0 o Sex
@ — (S'U)= 1 o<50y>
s Ay Vo s

L Ug 0\ 11 T2 Tz Uy /TX\

o

0 VA
/_0 0 0 1.
1 0
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Proof Step 10:

» Then, we obtain the equation of camera’s forward projection:

Ug O\'

~~ N
\hh O
ty © ©

< &

I
Au

0 -
\ Av
0 0

Vo 0

1 0

11
21
31

L 0

12
22

I3
0

13
23

33
0

Camera’s Forward Projection Matrix

Equation of Camera’s Forward Projection
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tz
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Proof Step 11:

» |If we let Z coordinate to be zero, then we obtain the equation of monocular
vision’s forward projection:

|uﬂ =U
[}
r (xy) |
SeU X T
ry Vol------ 0 > X
SeV | =0C3x4°®
S 0

1

Seu D'
(S * v) = D3xze| Y
1

\ }
|

Equation of Monocular Vision’s Forward Projection
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Proof Step 12:

» By inverting matrix D, then we obtain the equation of monocular vision’s
inverse projection:

Seu ¢ !
SevV | = D3xge| TY g :0

S 1

> T
i o

1 vy
ke "X U a
ke 'Y | = Mayze <v> with M3y = (d )
9
\ J
|

I 1
Equation of Monocular Vision’s Inverse Projection
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Summary of Proved Result:

» Finally, we have proven the following equation:

Monocular Vision Matrix

, U
ko' X a b c u
(}L* » k."Y — d e f ol v
k g h 1 1
Camera Frame
v
v Image
plane

Image Processing Digital image

rZ ta, 'h.##'#h....#. "
r Y 00.0~u..0 Q
Analogue
image :

Reference Frame
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Discussion: How to calibrate monocular vision?

» How to determine the coefficients inside the monocular vision matrix?
Use of At Least Four Pairs of {(u,v), (X,Y)}

u
ke’ X a b c u
ke'Y |=|d e f|e|lv
k g h 1 1

Image
plane

»
|

Camera Frame

v
v '\

Image Processing Digital image

y

CAD>

4

rZ ta, u-....n.n-.. "
r Y 00.0~u..0 Q
Analogue
image :

Reference Frame
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Discussion: How to calibrate a camera?

» The Details of Individual Camera Calibration: ry
. . .. . Seu Cu G2 C3 Cu .

» There are 11 coefficients inside each M matrix. Se vl) _ [Cls e Cp Cls] Y

. . . S Clo Cio €1 1 'z

» One pair of {(u,v), (X,Y,Z)} provides 2 equations for 1

each M matrix.
» Six (6) pairs of {(u,v), (X,Y,Z)} are sufficient enough
ry WCS
Seu, Cri Cr2  Cr3  Cry ry
<S . Ur) = [Crs Cre Cr7 CT8] ° r Ni Point
S Cro Crio Cr11 1 Z .me- om
Calibration Plate - ~ - =

1

Left Camera Right Camera

Verge !E Tilt-axis [\ﬁmght-\/erge
l

Pan-axis

Auxilary Calibration Axis
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Summary of Lecture 2

» Basics of 2D Geometry
» Parameters of 2D Geometry

» Measurement of 2D Geometry
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Outline of Module 2
g ;f“ @

» Perception of 3D Geometry %= B
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NANYANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ : ’

Module 2 _
MA4825 Robotics

Lecture 3

Perception of 3D Geometry

#

Xie Ming, PhD (France) -

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

» Basics of 3D Geometry

» Parameters of 3D Geometry

» Measurement of 3D Geometry
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QOutline of Lecture 3

» Basics of 3D Geometry
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Understanding 3D Geometry (1)

» 3D geometry refers to the appearance of physical entities in a three-
dimensional space.

» 3D space consists of a set of positions which are fully determined with
three coordinates.
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Understanding 3D Geometry (2)

3-D Shape
» The appearance of physical
entities in a 3D space is cube
manifested in the form of 3D
shapes which are also called cylinder

objects.

sphere

pyramid

hexagonal

prism

Trianqular

cone

IR\ Ele(0)Q)
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Example

» Intersections between 3D
shape and planes will
result in 2D shapes.

» 3D shape has outer
surface, inner surface
and body between them.

» 2D shape has outer edge,
inner edge and body
between them.
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Understanding 3D Geometry (3)

» Complex shapes in a 3D space are the results of compositional
rules such as:

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

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

» Connect Between Surfaces(surface of shape 1, surface of shape 2)
with Orientation(angle about normal to surface) and Offset(distance
between the origins of two surfaces)

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



Exam ple Edge Lines

Connected Between Points

Surfaces

Connected Between Lines Blocks
Connected Between Surfaces

165
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Understanding 3D Geometry (4)

» The appearance of physical entities in a 3D space also includes
the travelled locations.
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Understanding 3D Geometry (5)

» The spatial locations travelled or to be travelled are called paths.
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Understanding 3D Geometry (6)

» The spatial locations with time constraint are called trajectories.
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Example of Motion Planning and Control
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What is the scenario of coordinate
transformations in general?
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Basics of Homogeneous Transformation

— Rcamera Tcamera}

Hcamera — O O O 1

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

Image plane Heogmera X Hyoria = laxa

H camera — ‘fworld
"z i ...........
rY .......... Q /
"X
World Frame
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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.
(711 T12 T13 Uy
T T T t
CHT — |21 22 23 y

Camera Frame 31 132 733 Z
‘ L 0 0 0 1.

Image plane

7 ¢ Q / cy| ey ry
= r [ ]
X A "Z

Reference Frame
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Practices with Rotational Transformation

Z
Y | Y € -
After Rotation 1
N About X Axis 2-  ax = 90%pi/180;
X X 3= rx = [1 0 0 ;

Z 4 0 cos(ax) -sin(ax):
. 5 0 sin(ax) cos(ax)]:
Before Rotation Y ‘
After Rotation [ X 7= ay = 90*pi/180; _
About Y Axis n 8 — ry = [cos(ay) 0 sin(ay) ;
9 0 1 0 :
Z 10 -sin(ay) 0 cos (ay)]:
X 11
After Rotation 12— az = 90*pi/180;
About Z Axis iL.3)= rz = [cos(az) -sin(az) O0;
Camera Frame Z 14 sin(az) cos (az) O;
15 0 0 117
16
Image plane Y L7 = r = rx*ry*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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QOutline of Lecture 3

» Parameters of 3D Geometry
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There Are Two Types of Parameters

» Pose:

» It refers to positions and
orientations of entities
with respect to a Global
Coordinate System.

» Shape:

» It refers to surfaces of
entities with respect to
Local Coordinate Systems be

assigned to these shapes, '
respectively. /

local

Z o]obal
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Representation of Positions in 3D Space
without Time Constraints

— Y gat
r=(x,y,z) T,
- ® Yo
Oicat X oca T
f (X Y ) =0 . ¢ .
Ll Qe X iocal

fx,2) =0
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Representation of Positions in 3D Space

with Time Constraints

F(t) =

F () =

r(t) =

(x(2))
y(t)
2(1) )

/x(t)\
()

\2(1))

(x(1))
y(t)
\2(1) )
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at +bit +ct+d,
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2
at +bt+c,
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\a.t”+bt+c,

(at+b,
ayt+by
\azt +b2}
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Representation of Orientations in 3D
Space

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

[

X)) x, (1) x(0)
=150 ¥, y0)
() z,(0) z()

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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Equivalent Axis and Angle of Rotation in 3D Space

1 T2 T3
Ri t, =|T21 T22 123
31 T3p 133

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

¥ ¥

Equivalent Axis of Rotation: || Equivalent Angle of Rotation:
I3y — T3 "1 + oY) + 33 — 1
— |rys — 131 O,t, = arccos( >

1 — 112

-
r

t1,t;

Simple and Useful for Adding Time Constraint
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Parameters of Lines in 3D Space

ax +by+cz+d=0
ex+fy+gz+h=20
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Example

» What are the parameters of the line which passes through points
A(9,2,7) and B(4,8,10)?

Z
» Answer: (4,8, IO)B
9=Ta+b 4=10a+b (9;,},?
2=Tc+d 8=10c+d
J._______--_-
X —7
7 1 0 0Ya) (9 al (7 1 0 0Y(9) _
0 0 7 1[b] |2 bl |0 0 7 1|]2
101 0 0|cl| |4 ¢c|l7l10 1 0 o |4 x=az+b
0 0 10 1\d) (8 d) Lo o010 1) (8 y=cz+d
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Parameters of Circles in 3D Space

(x=x) +(y=y) +(z-2) =1

ax +by+cz+d=0

o el QLN SN ) )
T T T LI 1

A 3D circle is the intersection between a sphere and a plane.
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Example

» You are given three points on a circle, List down the equations
which are sufficient enough to determine the parameters of the
circle.

» Answer:
(‘xl _xc)2 +(y1 _yc)2 +(Zl _Zc)2 — ’,-2
('x2 _xc)2 +(y2 _yc)z +(ZZ _Zc)2 — ’,-2

(‘x3 _'xc)2 +(y3 _yc)2 +(Z3 _Zc)2 :rz

0.4 | J ..
05 06 g7 0.8y axis

ax _I_ by _I_ C7 _I_ 1 — O Reference Coordinate System
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How to estimate the parameters?

» First step to estimate the equation of supporting plane.
» Second step to estimate the center of the circle.

» Final step to estimate the radius.

» Hint to first step:

ax +by+cz+1=0

C(61351 +by; +cz;+1=0
) ax; T b)’z T CZy +1=0 °4 05 05" o7 0.8 xaxi's
kCI,_X,’B + by3 + CZ3 +1=0 Reference Coordinate System
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Parameters of Curves in 3D Space

n

Z

Z
n n—1 .
[x x ) I]Aan -
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Representation of Plane-type Shape (e.g.
3D Rectangle or Triangle) in 3D Space

ax+by+cz+d =0

(x1, Yy 21)
D
Zlocal I

/T -/

ax +by +¢z +d =0

Ylocal
- lax, + by, + cz, + d|

- \/02+b2+<:2

X local
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Parameters of Surfaces in 3D Space

ax+by+cz+d, =0 i=0123,.

Ylocal

OZocal
Z local
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Any surface could be a set of
Triangles or Rectangles

¥

Next Slide

Example
3

] \

1A

§ X

%

/4

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



Example

]

-

|

Recycle Bin

13:55

~ & (1 = @ & T J) ENG 06/08/2019 Ez




School of Mechanical & Aerospace Engineering

More Examples ...
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QOutline of Lecture 3

» Measurement of 3D Geometry
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Applications

» Visual Inspection

» Guidance

» Grasping / Manipulation

» Reverse Engineering

» Object Cognition / Recognition

» Scene Cognition / Recognition

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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You could set up
binocular vision system
at home with two laptops

corresponding
teature points
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Visual Inspection

Customer control
panel (PLC)

Product flow conveyor
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Visual Inspection
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Visual Guidance
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Principle of Using Two Cameras

» The geometry of physical
entities in a 3D space
depends on the coordinates
of points.

» The measurement of Left Camera
coordinates of points in a 3D
space can be achieved with
stereovision or binocular
vision system.

» A binocular vision can see a
point P and will output two
image points.

» The coordinates of the two

images allow a machine to fuu fiz s
lw, vy 1){|f21 faz fazll|vr|=0

uniquely determine the Rl ||
coordinates of point P. f L
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Motion Flow in

Binocular
) Step 1 | Step 2: Image Step 3: Image
VlSlOn eoe ep. mage  —_— P 9 —»| Processing & Pattern
Sensing by Stereovision Digitization Recognition

Image
Geomet

Step 4: Measurement of

What is a motion flow?
It refers to a flow of
coordinate systems

A 4

Object Geometry in 2D

or 3D space

Object
Geometry

v

[Step 5: Motion Planning ]

Motion
Series

Motion Mechanism

Control Step 6: Control of
Command <
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Equation of Binocular Vision

X
TV | = (4t e 4)-1 o (At o
Stereo . (ry> = (At ¢ A) (At ¢ B)
Matching Z
| | -
>y,
Camera Frame
\ A7

Left
Camera
Z Y "~...,..

X World Frame
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Proof Step 1:

» The equation of left camera’s Left Gamere
forward projection could be
written into a system of . R TR

Right Camera

equations: ¥} o
B
T'X ’
S;eu c c c c X
l l 11 12 13 14 ry Image mage
Si*V | =165 Ce Ci7 Cig|e -
Si Clo Cro €11 1 Z
1
PiX- Y Z
fSl"LLl:Cll‘rX+Clz’rY+Cl3'rZ+Cl4_ ( )
{SZ°UZ=C15°rX+C16’rY+Cl7'rZ+C18
24 /'y
L Sl=Clg‘TX+C110.rY+C111.TZ+1 X

Reference Frame

(cu—coeu)e "X+ (cp—crapeu)e 'Y+ (cz—curow)e "Z4cy =1y
(s —cCgovy) e "X + (ci6 — Crio* V) ® Y + (ci7 —curovy) e "Z + Cig = Uy
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Proof Step 2:

» Also, the equation of right
camera’s forward projection
could be written into a system >
of equations:

c c c c X e '

[ ]

Sr ® Uy rl r2 r3 r4 Ty Image mage
SreVUr | =165 GCre Cr7 Crg|e -

Sy Cr9 Cri0 Cri1 1

Left Camera
Right Camera

P(X, Y 2)

(s, eu, =Cpy® "X+cCpe YHcme "Z4cpy

1SreVr=Crse ' X+cge 'YHcr0 "Z4cpg Z4 Sy

X

Reference Frame

\ ST-=C7-9'rX+Cr10'rY+Cr11'rZ+1

(Cri—Crog®U,) e "X + (Crz —Crip®Uy)® Y + (Cr3 —Crir®Uy)® "Z + Crqa = Uy
(CTS —Co ® vr) « "X + (Cr6 —Cr10 ® vr) « 'Y + (Cr7 —Cr11 ® vr) e "7+ Crg = VUr
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Proof Step 3:

» The equations from both cameras could be combined into the following
system of equations:

(((cn—coeu)e "X+ (cp—cuoeu)e Y+ (Cz—curou)e "Z+ca =1y
(s —coev) e "X+ (cg—cruoev)e 'Y+ (cyp—curev)e "Z+cg =y
(Cri—Crogouy) e "X + (Crz = Crip®Uy) ® Y + (Crg —Cri1®Uy)® "Z + Cra = Uy
\(CTS —Croo V) X+ (crg—Crio® V) e Y+ (7 —Cri1ov) e "Z+ g =1y

A

We define:
(cu—coew) (Cz—coouy) (€3 —Crp1*up) Uy — Cra
A = (s —coev) (Gs—cuo*v) (€7 —Curevy) p=| YVt Cs
(Crl —Cg ® ur) (Crz —Cr10 ® ur) (CT3 —Cr11 ® ur) Ur = Crq
(%5 Crg

(¢rs —Cro* V) (Cre —Crio® V) (Cr7 — Cr11* V)
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Proof Step 4:

» The previous system of equations could be written into a matrix form. The
pseudo-inverse yields the equation of binocular vision’s inverse projection:

Left
"X Right Image
Image

rz >, Camera Frame

A\

X
Y | = (At e A)"1 e (AL e B)

T
Z Right
Camera

world Frame
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Summary of Binocular Vision Solution

X
TV | = (4t e 4)-1 o (At o
Stereo R (rY> = (A'e A)t e (At e B)
Matching Z
| R
>y,
Camera Frame

Left
Camera 7 ¢
X World Frame
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Discussion: Could we obtain a binocular vision matrix
which is similar to a monocular vision matrix?

Monocular Vision Matrix

Camera Frame

v v \ ‘X

Image Processing Digital image

Analogue
image

Reference Frame
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Yes, binocular vision matrix is:

k"X U
r A\ vl
Stereo ‘ rY = Baxs [Ur
N k'Z v, .,
Matching k [ 1
| | -
> 4,

Camera Frame

Xie M., Fang Yuhui and Lai Tingfeng,
; 2025, New Solution to 3D Projection in
Q"‘ Human-like Binocular Vision, International
Journal of Humanoid Robotics.

X World Frame
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How to calibrate a human-like binocular vision?
» The Details of Binocular Vision Calibration: One pair of {(u.v), (X.Y.Z)}

» There are 19 coefficients inside B matrix. provides three equations for
calibrating binocular vision.

» One pair of data provides 3 equations.

» Seven (7) pairs of data are sufficient enough.

'k T'X- -ul _
k'Y V1 WCS
0000000 _ B4x 5 ur
k rZ V. Nine-Point
k 1T Calibration Plate - - - =

Left Camera Right Camera

E Verge !E Tilt-axis [\fRight-Verge
l

Pan-axis

Auxilary Calibration Axis
_—=
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Example of Results

One pair of
stereo images

Result of stereo
matching

3D view of
reconstructed
line segments

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



School of Mechanical & Aerospace Engineering

Example of Results

Ground Truth
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Example of Results

A e —
A ;m' SR

l

(©)
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Open Issue of Stereo Matching

» How to find the match inside Sss
the right camera, given a
pixel inside the left camera?

» Definition of Epipolar Line:
Given a point in the left
image, there is a straight line
in the right image, which
contains all the possible
points to be matched with
the given point in the left
image. Such a line is called as
an Epipolar line. eRicT e TeaeY e
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About Epipolar Plane and Epipoles ...
Epipolar Geometry: Epipolar Plane

Epipolar
Plane

_ Right
Camera . *r Camera

Epipolar Plane of Scene Point P: The plane formed by camera
origins (0, and 0,.), epipoles (e; and e,) and scene point P.
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More About Equation of Epipolar Line:

» Choose any pair of two possible value of Z
coordinate: (Z1, Z2), which correspond to two 3D
points (P1, P2).

=0
1

fir fiz fis|jur
[, v 1|21 fzz fa3

f31 f32 f33

» Compute the 3D coordinates of (P1, P2) by using the
knowledge about the image coordinates in left
camera.

» Project these two locations (P1, P2) onto the image
plane of right camera.

» Compute the equation of epipolar line on image
plane of right camera.

Template Window T Search Scan Line L

Epipolar Line

Left Camera Right Camera

Left Camera Image E Right Camera Image E.,
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Future Research:

Solution Toward Human-like Binocular Vision
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Summary of Lecture 3

» Basics of 3D Geometry

» Parameters of 3D Geometry

» Measurement of 3D Geometry
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Summary of Module 2

» Perception of Photometry <)

» Perception of 2D Geometry T T

» Perception of 3D Geometry = &
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Design, Machine, Control, Intelligence

“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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