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“We are living inside an ocean of signals”

What is a system with intelligence inside?
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Outline of AI 3.0

 Module 1: True Foundation of Visual Intelligence
 Module 2: Visual Knowledge Representation

* Module 3: Visual Knowledge Perception

* Module 4: Visual Knowledge Computation

 Module 5: Visual Knowledge Applications
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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 worid
and to improve the world ...

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



Nanyang Technological University

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
>l Planning : Digital |__| Perception
Modules Workspace Modules
Autonomy / Al Loop T
Control Systems Actual
— > >
® Modules Under Control Workspace

Automation / Control Loop

Sensory
Modules
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ABOUT COURSE
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Two Big Questions ...

 How to achieve automation?
—To apply the theory of control

* How to achieve autonomy?
—To apply the theory of mind
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Two Big Dilemmas ...

« Top-Down Design versus Bottom-Up Optimization

— Should the creatures in the universe be the outcomes
of designs by Designers or the outcomes of natural
evolution by Optimizers?

« Mind-Centric Approach versus Brain-Centric Approach
— Does intelligence arise from Mind or from Brain?
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Dilemma versus Commmon Sense ...

Mind-Centric /
Intelligence
Human / 9 /
Artificial

Intelligence
Intelligence

/ / (Al 3.0)
Intelligence \

:\/Iincljl-Centric I(:]?;rll%uetﬁggnal
ntelligence
Machine /

Intelligence \

Brain-Centric Computer-Aided

Intelligence x Human Intelligence
(Al 1.0 and Al 2.0)
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The motivation is to

Why to study visual intelligence? &g~

“We are living inside an ocean of signals”

achieve machine’s )
self-intelligence. Machine Intelligence

More specifically, we
aim at achieving the
transformations from
visual signals to
cognitive states of
knowing the
meanings inside the
visual signals.

Keys of Al

* One Tool
+  Two Worlds
* Three Intelligences

 Four Pillar

2

Knowledge
Representation
Knowledge
Perception
Knowledge
Computations
Knowledge
Applications

Computer-Aided Intelligence

Human Intelligence

Natural Sciences Social Sciences

Knowledge

Properties Constraints

Conceptual Worlds

Human Languages

Physical World

INTELLIGENCE

nnnnnnnnn

Artificial
Intelligence

—

Human
Intelligence

—

Copyright @ Ming Xie
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What to learn? Roadmap of
Visual Intelligence

Visual Signals

. : Lights = Photometry =»Geometry = Conceptual Meanings :
True Foundation of Al : | 1. Image Acquisition E:'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.i
2. Image Processing | &
Multiple Al Pipelines :
1 . ¥ knowledge :: :
] : : ¥ knowledge $ knowledge :
: | 1. Computing Geometry | i: :
2. Computing Fuzziness T
Signal > Knowledge 3. Cognizing Knowledge From 2D Images to From 2D Images to
4. Recognizing Knowledge| :: 2D Scene 3D Scene
Knowledge - Knowledge E knowledge i knowledge knowledge }
L Knowledge - Signal Al-Integrated Applications Decisions

Signals

<

Inverse Kinematics Vision <

Scenes

i Actions
Slgnals> Actuators >

Controller
—__
Signals

Knowledge
Representation

Sensors
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How to study visual intelligence?

« To put yourselves into the mindset of designers of intelligent systems:
— Who are the users? (any machine with intelligence inside)
— What are the needs of users? (to transform visual signals into knowledge)
— What are your intelligent systems? (to spell out the functionality)
— What are the solutions behind the design of your intelligent systems?

Audio Signals ——) I:'}(::I &= Audio Signals
T/

Cognition (— o o
EKnOWNjet :> ﬂ T] « Where is what?
Recognition Visual Signals  * Where is who?
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How to apply?

* You could use MATLAB to quickly apply:

— What you have read

— What you have heard

— What you have learnt

—_

Practice

Practice — MATLAB = No.1 Al Software

(Rapid Prototyping Software)

P R L R SO
/\ Should Seeing be Believing?

We are more affected by Beliefs than by Truths.

Practice
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Terminology Alert ...

1. Image properties at the lowest level include continuities and
discontinuities. Hence, there are two types of pixels which are color
pixels and edge pixels. These are the identities of pixels at the
lowest level.

2. Therefore, “how to transform pixels into their identities?” is the so-
called problem of symbol grounding in visual intelligence.

3. As aresult, symbol groundings include symbol grounding of color
pixels and symbol grounding of edge pixels.

4. Symbol grounding of color pixels is a process of sense-making
which transforms pixels into common-sense or inner-sense of
colors.

5. Symbol grounding of edge pixels is also a process of sense-making
which transforms pixels into common-sense or inner sense of
curves.

6. The combinations of colors and curves create meaningful patterns.
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Today’s Lectures ...

* Module 4: Visual Knowledge Computation
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School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Module 4

Al 3.0
MA4829 Machine Intelligence

Visual Knowledge Computation

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?
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Outline of Module 4

 Lecture 1:
— Geometry-Driven Computation
» Lecture 2:
— Fuzziness-Driven Computation
» Lecture 3:
— Cognition-Driven Computation
» Lecture 4:
— Recognition-Driven Computation
« Lecture 5: Cogpnition -
— Computation Using Monocular Vision é;é
* Lecture 6: = o-
— Computation Using Binocular Vision Recognition
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Outline of Module 4

 Lecture 1:
— Geometry-Driven Computation

Cognition B
————— 8o
&2
o
Recognition

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



School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Lecture 1 of Module 4

Al 3.0
MA4829 Machine Intelligence

Geometry-Driven Computation

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?
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Outline of Lecture 1

« Concept of Knowledge Space
* Representation of 2D Geometry
« Computation of 2D Geometry
« Representation of 3D Geometry

« Computation of 3D Geometry
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Outline of Lecture 1

« Concept of Knowledge Space
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What is knowledge?

The knowledge about an entity consists of:

AU =Y =V < (1
— Properties 1l | T T,
— Constraints
1 2 3 4 t
> 3 3
— Behaviours
Position falling faster Velocity Acceleration
and faster decreasing constant

« The knowledge from images includes:

— Photometry

— Geometry

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



Nanyang Technological University

What is knowledge space?

«  Knowledge space refers a space of super-high dimension in which
each location represents a knowledge vector such as:

K, =1{k;,j =0123,..,N},i=123,..,M

Ak,

A Knowledge Vector’s Profile of
Coordinate Distribution
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Outline of Lecture 1

» Representation 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, or 2D space in short.

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

4 N

> =<
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Example of Geometry in 2D Scene
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Example of Geometry in 2D
Image
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Understanding 2D Geometry (2)

 The appearance of
physical entities in a 2D
space is manifested in the
form of shapes.

*

@ A

2D Image o

Circle Triangle Square Star

(lm e &
Crescent Rectangle Pentagon Hexagon
¢
Octagon Rhombus Cross Trapezoid
‘D0 ow
Arrow Heart Parallelogram

> X 2D Scene
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Understanding 2D Geometry (3)

(Why to use the terminology of generative Al? What is not generative?)

 Complex shapes in a 2D space are the results of compositional

rules such as:
Intersection at Points

e

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

» ConnectPointsAtAngle(point, point, angle)

Intersection at Curves
/

— 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°)
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Example

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

T_) A

&

L.
a®¢> N
N

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



Nanyang Technological University

Example

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

g ; \
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Understanding 2D Geometry (4)

 The sum of inner 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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Nanyang Technological University

Understanding 2D Geometry (5)

« The geometry of physical entities in a 2D space also includes
their positions, orientations and travelled locations (i.e. motions).

2D Im : | 2D Scene
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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 Paths of a Mobile
Base’'s Two Wheels ...

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 (i.e. equations of motions).

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Trajectories of Three
Moving Platforms ...
-

f"---—
45+ 7
Y P
L@
35| t=34s.':":
E 3 §
= 2.5)
2 t=28s
1.5+t
........ follower 1
. - - = follower 2
0 1 2 ; ! :
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Example of Trajectories of a
Humanoid Robot’'s Arm ...

Reference positions

% = Joint 1
=== Joint 2

1.5/- =-=-Joint 3
—Joint 4

------ Joint 5

\- ------- Joint 6

Joint position(rad)
o

Time(sec)
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Example of Trajectories of a
Vehicle’s Body ...

o.1 0.2 0.3 0.4 0.5

Time (sec)

10| x(2) (1)
2
g
1
5 ¢ .
o
4 E 0.1 0.2%0.3 0.4 .5
5 -1
-2
0.1 0.2 0.3 0.4 0.5
o] X #(1)
40
w 25 30
E b 20
° e £ 10
0. 0.2 0.3 0.4 0.5
5 -10 \_/
-20

Time (sec)
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Two Types of Parameters in 0
Geometry @
|

local

 Pose:
— It refers to positions

and orientations of fglobal D%
entities with respect to O local
a Global Coordinate local

System. Iﬁocal

Y,

» Shape: oo
— It refers to outlines of X jocal
entities with respect to X
Local Coordinate local
Systems assigned to
these shapes,
respectively. . Y

local

global
global
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Representation of Positions in 2D

Space without Time Constraintgs
4 ;

global

>
dﬁ

e .
. ® f (X, y ) — 0
o Fiocal Function
&Ilocal ® ® -
L
Xlocal
® Xlocal local
® local g
_ L]
r=(x,)
Position Vect
0 osituon vector >Xg10bal

global
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Representation of Positions in 2D
Space with Time Constraints

A0 x®)) (at’ +bt’ +ct+d.
4 = =
wt)) \a,f’ +bt +ct+d, L

= X(t) axtz + bxt + Cx Yglobal
]/'(t) = = ) A
y(?) at +bt+c,

(3] _(a+b,
r(t)_ty(t))_ a,t+b,

t=0.75

=025

> X global
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Representation of Orientations in 2D Space

~ ([ cos(0) N
: [, =
. —sin( &) b sin(6)
] p—
cos(60) o "
Robot’s Base
@) ;X

n cos(d) —sin(6)
| sin(@)  cos(0)

FR— 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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Example
 \What are the orientations of the mobile base at times t1 and t27?
Robot’s Base 13
 Answer:
---------------- Yb
0(t,)=606
(1) =06, Y
A
0(t,)=46 2
(t,) =6, "
R Robot’s Base
O X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Homogeneous Transformation
Between Robot Frame and World Frame

cos(f) —sin(0) x,
Hyopot = [sin(@) cos(8) v,
0 0 1

This is the pose of the robot frame
with respect to the world frame \

L

e

Robot’s B
obots Base cos(8) sin(8) «x,
Hyoria = [—sin(@) cos(0) yW‘

________________ 0 0 1
Yw
: + xW‘ _ [ cos(8) Sin(H)\ o [xr‘
- Ywl  |—sin(8) cos(6) Yr
» XW H X H =1
OW robot world 3X%X3
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Representation of ;
Line-Type Shape |

in 2D Space /

y=ax+b

Or: 0]

Local

ax+by+c=0|:>\

1 lax, + by, + c|
Va2 + b2

Or:

ax +by+c=1
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Representation of Circle-Type Shape
in 2D Space

(x = c)* + (¥ — )% =17

YL

ocal

Local
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Representation of Curve-Type
Shape in 2D Space -

yn
n-1
n n—l1 Y
0 0 [x X I]ann =0
% b 1
Yiocal QH ) ) n=1,2,...

Any curve could be approximated
by a series of interconnected line
segments or curve segments.

> Xlocal ‘
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Example of Using o
Splines ...

First-order
spline

(b)

oy y=ax3+bx?+cx+d

= Cubic
spline

Interpolating
cubic
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Representation of Curve-Type Shape

Data Structure of 2D Point Data Structure of 2D Curve

typedef struct typedef struct
{ {
short u,v; 2DPoint point_list[];
double X,V ; short number_point;
} short  curve type;
2DPoint ; }

/\/\ e
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Outline of Lecture 1

« Computation of 2D Geometry

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



Three Questions ...

 \What are the available
input?

 What are the expected
outcomes?

 What are the solutions
which will produce the
expected outcomes from the
available input?
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Challenge: How to obtain input?

The general approach consists of two steps: Challenge

<

* Edge Detection
Color Image - Edge Image - Curve Samples

« Edge Linking

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to transform color
image into edge
image?

« Edge Detection Algorithm:

Step 1: Compute Horizontal Edges.

Step 2: Select the local maxima along the vertical axis
as the edge pixels.

Step 3: Compute Vertical Edges.

Step 4: Select the local maxima along the horizontal axis
as the edge pixels.

Step 5: Combine all the edge pixels to form the output.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Sample Program of Doing Edge Detection ...

}loid EdgeDetection(void)

Set output edge-map’s background to be white

int i,j,v; R

/ +1] +1] +1
// Compute Horizontal Hedges .
memse%unguffeﬁ, 255, 512%512) ; * o]o|o | Ideal horizontal edge
for(i=1;1<511;it++) RIEEE

0 (.] 1 9.' < 511 7.] )

v = abs(gpBuffer0[(i . .
) §I§Buffer0 i+1)*512+-1] - gBBuffer 1)*512+j] - gBufferO[(1+1)*512+5+1
;fgv >=255) gpBufferl[i*51 +f =0; _ ' _
| if (v > 35 && v < 255) gpBufferl[i*512+j] = (unsigned char) (255 - v) ; // change it to negative edge map
%electMaximaAlongColumn() ; // select local minima negative edge-map 1‘ |
/I Compute];/efrfticgl 123§1 e§12*512) 1 ol
memset ufter’Z, , > .
for (i = ggp i<511;it++) % +1| of-1| Ideal vertical edge
for(j=1;j<511;j++) H1f 0f -1
v = abs(gpBuffer0[(i-1)*512+j-1] + gpBuffer0[(i)*512+j-1] + gpBufferO[(i+1)*512+j-1] -
. (%EBuffer(;igi-lg*s P %;%Buffero[gig*ﬁ%ﬁ e 215y
if gv >=1255) gpBuffer2[i*5 243 =0; ) . ‘
| if (v> 35 && v <255) gpBuffer2[i*5 1Q+J] = (unsigned char) (255 - v) ; // change it to negative edge map
%electMaximaAlongRow() ; // select local minima in negative edge-map 1‘

// Display Horizontal Edges
// Display Vertical Edges

/I Combined Edgema;g

memsetgngufferO, 255, 512*512) ;

for (=01 <5124312 i+ | | . o

if (gpBufferl[i] == 0 || gpBufter2[i] == 0) gpBuffer0[i] = 0 ; // combine local minima in negative edge-map

)
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static SelectMaximaAlongColumn() // select local minima in negative edge-map
{

int 1,j,V;

unsigned short temporaryBuffer[512*512] ;

// step 1: smoothing in vertical direction
memset(temporaryBuffer, 255*5, 512*512) ;
for(1=2;1<512-2;1++)

for(=0;j<512;j++) // compute weighted sum

temporaryBuffer[1*512+j] = 1*gpBuffer1[(i-2)*512+j] +
2*gpBufferl[(1-1)*512+]] +
3*gpBufferl[1*512+j] +
2*gpBufferl[(i+1)*512+)] +
\ I*gpBufferl[(i+2)*512+]] ;
}

/I step 2: select local minima in vertical direction
memset(gpBufferl, 255, 512*512) ;
for(i=2;1<512-2;1++)

for(g=0;j<512;j++)
{

v = temporaryBuffer[i*512+] ;

if ( v <temporaryBuffer[(i-2)*512+]] &&
v < temporaryBuffer[(i-1)*512+j] &&
v < temporaryBuffer[(i+1)*512+]] &&
v < temporaryBuffer[(i+2)*512+])

gpBufferl1[i1*512+j] = (unsigned char) 0 ; //use 0 as minimum value

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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static SelectMaximaAlongRow() // select local minima in negative edge-map
{

int 1L,j,V;

unsigned short temporaryBuffer[512*512] ;

// step 1: smoothing in horizontal direction
memset(temporaryBuffer, 255*5, 512*%512) ;
for(1=0;1<512;1++)

for(=2;3<512-2;j++) // compute weighted sum

temporaryBuffer[1*512+j] = 1*gpBuffer2[1*512+j-2] +
2*gpBuffer2[1*512+)-1] +
3*gpBuffer2[i1*512+)] +
2*gpBuffer2[1*512++1] +
\ 1*gpBuffer2[1*512++2] ;
b

// step 2: select local minima in horizontal direction
memset(gpBuffer2, 255, 512*512) ;
for(1=0;1<512;1++)

for(G=2;3<512-2;j++)
{

v = temporaryBuffer[i*512+]] ;

if ( v < temporaryBuffer[i*512+}-2] &&
v < temporaryBuffer[i*512+]-1] &&
v < temporaryBuffer[i*512+j+1] &&
v < temporaryBuffer[i*512+j+2])

gpBuffer2[i1*512+j] = (unsigned char) 0 ; //use 0 as minimum value

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Vertical Edges Horizontal Edges
Example of
Results

Input Image

Note:

- | Edge-Maps
| with White
¢t | Background
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Nanyang Technological University

How to transform edge image into
curve samples?

Main idea of doing edge linking:

e Scan input image of edges.

» If edge pixel at (i,j) is unlabeled, label it and define it as the currently
labeled pixel.

* From the eight neighboring locations of (i,j), choose an edge pixel
according to a user-defined condition (e.g. nearest to the center of
unlabeled edges within a window).

— If such a pixel exists, label it and define it as the currently-labeled
edge pixel, and repeat the procedure of edge linking;

— Otherwise, a curve sample has been traced (i.e. found) and
labeled. Repeat the procedure of scanning the input image of
edges.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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of Linked Edges (i.e. Curve

o 1 2 3 4 5 6 7 8 9 10 11
0 |255 255 | 255 |255 |255 R55 |255 | 255 R55 |255 | 255|255
1125510 0Jo0 0 J255 12552550 0 | O 255|255
202550 0 |255]255 ) 0 J255]255] 0 pss |255] o 255
31255 0 |2550255] 0 J255)255) 0 255 f255| O |255
41255) 0 f2550255] 0 J255255] 0 |255]255| O |255
51255] o J255]255] 0 |255] 255]255] 0 0 | 255]255
6255 0 |255]255| 0 255 | 255|255 |255 | 255] 255 | 255
Tl2s50 0 | o 0 | 0 |255] 255) 255) 255| 255] 255] 255
8 | 255 255 | 255] 255|255 [255 |255 | 255 | 255 | 255 255 |255
9 2551255 | 255 255 1255 |255 | 255 | 255|255 | 255 | 255255

Edge Linking

or Tracing

Note:
Edge-Maps
with White
Background

0o 1 2 3 4 5 6 7 8 9 10 11
255 255 |255 255 |255 255 |255 | 255 55 255 | 255|255
2551 1 1] 1 2550255255255 2 | 2 |255)255
255 1 |255)255 ) 1 255255 2 |255) 255 2 | 255
2551 1 | 2550255 1 J255)255) 2 | 255 255) 2 | 255
2550 1 2550255 1 |255)255) 2 |2550255) 2 |255
255 1 | 255)255| 1 |255] 255) 255) 2 2 | 255]255
2550 1 |255)255) 1 |255)255]255)255)255)255]) 255
2551255 1 1 J255 | 255|255 ] 255 255|255 |255 | 255
255] 255 | 255) 255255 | 255 255 | 255 | 255 | 255|255 |255
2551255 | 255|255 | 255 |255 | 255 | 255|255 | 255 | 255) 255
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255'255 255 255255 255255
. . .

2550255 0 | o J255f 2550255

n Edge Linking Algorithm ...

255 0 [f255 §255§255 0 255

255 0 {255 2554255 0 §255

255025541 O f O § O §255§255

Step 1: Initialize the |label-map and set the label variable to 1 (n = 1).

Step 2:  Scan the edge-map row by row and column by column.

Step 3:  If encounter an unlabeled edge-pixel, define it as the current edge-pixel.

Compute the estimated center of unlabeled edges within a window

which is centered at the current edge-pixel.

Step 4:  Assign the label “n” to the current edge-pixel. Now, this edge is labeled.

Step 5:  Find all the unlabeled neighbors around the current edge-pixel.

If there is no unlabeled neighbor, a curve sample has been found and go to Step 7.
Step 6:  Among the unlabeled neighbors, choose the one which is the nearest edge to the

estimated center. Define it as the new current edge-pixel.

Repeat Step 4, Step 5 and Step 6.

Step 7:  Increment the label (n = n + 1) and continue from Step 2.

Xie M. and Thonnat M. 1992, An Algorithm for Finding Closed Curves, Pattern Recognition Letters, Vol. 13, No. 1, pp. 73-81.
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Program of Doing
Edge Linking ...

Edge-Map

255425501255 §255)1255 §255||255
25502554 0 f O Q255§ 255)1255
2554 0 §25542554 O f255[|255
2554 0 2552554255 O f|255
2554 0 2552554255 O f|255

25542550 O §f O § O §255)1255
25* 255255 2554255 § 255255

Label-Map

2554255 255 255 1255 255255
2554255 | 255255 2554255 § 255
25502554255 255 §255 |55 §255
25542554255 55 255 | 255)255
25502550255 255 §255 2554255
2550255 255 255 § 2554255 255
255'255 25501 2554255 2554255

/* assuming that the pixel values of all the edge pixels are “0” */

unsigned char edgemapF 12*5 12& ;

unsigned char labelmap[512*512] ;

static int CX, CY ; /* the estimated center of unlabeled edges */
static int newx, newy ; /* the location of next “current edge-pixel”  */
static double min_distance ;

static int SX, SY ;

static void ComputeCenterWithinWindowAt(int x0, int y0)

/* update the center’s coordinates (pcx, pcy) */

static void VerifyNextUnlabeledEdge(int x, int y)

/* verify the neighbor whether it is the nearest one to (pcx, pcy) */

static void LinkEdge(int x, int y, int n)

/* recursively link the edge-pixels */

main(int argc, char **argv)

int X, y,n;

n=1; sx=10; sy=10; // set the size of window to be 10x10
memset(labelmap, 255, 512*512) ; // clear the content of labelmap
for (y=1;y<511;y++) Encounter an Unlabeled Edge

for(x=1;x <511 ; x++)
i{f (edgemap[y*512+x] == 0 && labelmap[y*512+x] == 255)

ComputeCenterWithinWindowAt(x, y); o
LinkEdgeAtCurrentLocation(X, y, n) ; // do edge linking
n++;

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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?tatic void VerifyNextUnlabeledEdge(int x, int y)

double distance ;

// the candidate must be unlabeled edge

if (edgemap[y*512+x] != 0 || labelmap[y*512+x] !=255)
return ;

distance = sqrt((cx - X)*(cx - x) + (cy - y)*(cy -y)) ;
if (distance < min_distance)

min_distance = distance;
newx =X ;
newy =y,

Edgemap Labelmap
255§255|255 |255 )55 | 25555 255255255 255255 [ 255 foss
2550255( 0 0 255§ 255)255 2550255 255)255 f 255|255 | 255
2558 0 §255)12554 0 §2550255 2554 2554255 255 J255 |55 §255
2550 0 J255)1255255 0 255 25542554255 255 25512554255
2550 0 §255)1255255 0 J255 2554 2554255 255 J255 | 255§255

25512551 0 | O 0 §255} 255 25502551255 255 § 255|255 § 255
259 255|255} 2554255 2554255 258 2554255 255) 255'255 255

static void ComputeCenter WithinWindowAtCentre(int x0, int y0)

int r,c,n;
// use unlabeled edges to compute the center inside window
cx=0;cy=0;n=0;
for (r=-sy/2 ; r <sy/2 ;r++) //ris the increment of row index
// ¢ 1s the increment of column index
for (¢ = -sx/2; ¢ <sx/2 ; ct++)
if (edgemap[(y0+r)*512+x0+c] == 0 &&
{ labelmap[(}},f0+r)*512+x0+c] == 255)

cx=cx+x0+c;
cy=cy +y0+r;
n=n+1;

if (n !=0)

cx =cx/n;
cy =cy/n;

static void LinkEdgeAtCurrentLocation(int x, int y, int n)
labelmap[y*512+x] =n; /* assign label to the edge */
min_distance = 1000000.0 ;

// Check what the next edge is to be linked

VerifyNextUnlabeledEdge(x-1, y-1) ; // neighbor 1
VerifyNextUnlabeledEdge(x, y-1) ;  // neighbor 2
VerifyNextUnlabeledEdge(x+1,y-1); // neighbor 3
VerifyNextUnlabeledEdge(x-1,y) ;  // neighbor 4
VerifyNextUnlabeledEdge(x+1,y) ;  // neighbor 5
VerifyNextUnlabeledEdge(x-1, y+1) ; // neighbor 6
VerifyNextUnlabeledEdge(x, y+1) ;  // neighbor 7
VerifyNextUnlabeledEdge(x+1, y+1) ; / neighbor 8

if (min_distance != 1000000.0)
LinkEdgeAtCurrentLocation(newx, newy, n) ;

(NOTE: This is called Dynamic Programming)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What are the possible outputs
from the process of edge linking?

« Linked Edges from Line Segments

« Linked Edges from Curve Segments

« Linked Edges from Circles

* Linked Edges from Ellipses

« Linked Edges from Closed Loops (e.g. triangles,
rectangles, polygons, etc)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Estimation of Equation of Line

* Input:
— A list of points as training set, which belong to a line.
List = {(x;,y;),i = 0,1,2, ...,n}

* Qutput:
— The coefficients of the equation of line

ax +by+c=1

« Solution: Least-Squares Method

Observed Value

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

ax; + byl +c = 1,l = 0,1,2,3, N

Xo Yo 1 a 1
A="1 11 X = b] B=|1

Xn Yn 1 ¢ 1
AX =B ¥

X = (AtA)"1(A'B)

Observed Value

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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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
y—3 8-3 :
— 7 a0, 8)
x—2 10-2 ; o
4
5 § @3
y=—(x—-2)+3 1
8 1 23456785 %10
5 7
=—X+— a,b)=(=,—
y=gxty & (@b)= ( )
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Exercises

Find the equations of these straight lines.

a v b y c y
4 / 4 4
-/ | |
2 7 l2 2
/
—4+-2 214" =421 24—+ -47-2 ZA-1*
4 -4 -
d by e y f y
4 4 4
| | {
2 2 2
—41-2 o i —41 - 2—1-41% 4T -2 2141+
-2 2o ¢
| | |
-4 -4 -4
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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) attime t1 = 1.0 s, and point B(4.0, 7.0) (cm) at
t2 = 3.0 s. What are the time functions representing the coordinates of
the origin of the local coordinate system assigned to the mobile
robot?

e An swer: A Y Global

a x1.0+b =2.0 |:> a,=1.0
a x3.0+b =4.0 b.=1.0

ayx1.0+by =2.0 |:> a, =2.5
a, ><3.0+by =7.0 by =-0.5

Local

(x® £+1.0
r(t) — — XGlobal
y(t) 2.5t - 0.5 OGlobal )
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Estimation of Equation of Circle

* Input:
— A list of points as training set, which belong to a circle.
List = {(x;,y;),i = 0,1,2, ...,n}

* Output:
— The coefficients of the equation of circle

(x = ¢ )+ — ¢, )*= 12

« Solution: Least-Squares Method

~~
_________

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

x; — ¢y )2 +(y; — ¢y, )2=17%i=0,123,..n
y i

X{ —2x;Cy + 2+ yf —2y;c, +ci =717,i=0,123,..n

X§ — 2x9Cy + ¢z + Y5 — 2yoCy + C5

|
S}

X7 — 2x1¢ + ¢ + ¥ — 2y1¢p + ¢ =1

=
ey N
I
(\®)
3
Rﬁ
_|_
a
XN
_|_
2
o~ N
I
(\O)
=
‘<ﬁ
+4
‘<QN
[l
-

Xf — 2XnCx + C5 + Vi — 2YnCy + 5 =17
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Solution (continued)

2(xg — x1)Cx + 2(Vo — Y1)y = X5 — X + ¥§ — V1

2(xo — x)Cx + 2(Vo — ¥i)Cy = x¢ — x7 + ¥§ — ¥f

2(xg —xp)Cx + 2(yo — Yn)cy = xg - xrzz + y(% - )’7%

2(x0 —x1) 2(¥o — Y1) (x§ — x7 +¥§ — yi|

A=|2(x0—x) 2(yo— ) X = [C"] B=|x3—xi +y5— i
TR} (RN} y TR}

| 2(xg—n)  2(Yo — Yn). _xé —x%+y§ — y5 ]
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Solution (continued)

2(xg —x1) 2(Yo — Y1)] (x5 —x7 +y§ — yi

A=|2(xo—x) 20— ) X = [C’“] B =|x§—x{ +y5 —yi
TR} AN y AR}

| 2(xg—n)  2(¥o — Yn). x5 — x2 + y5 — Y2

Best fit: Radius =3.7; Center = (5.1,8.5)

AX

Il
oyl

X = (AtA)"1(A'B)
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Solution (continued)

(i — ¢ )2+ (i — ¢y )?=715,i=0,123,..n

r; = J(xi —cx )*+ (i — ¢y, )%41=0,1.23,..n

20F

Best fit: Radius =9.7; Center = (5.1,8.5)

n 10+
i=0Ti
r e ———
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Example
* What are the parameters of the circle shown in the figure?
4
A

 Answer: =S i

//
/
\
LY

L 2

[e—

-t\ — N W .F>/U1
™

(x) (=2 /}
Y. | = ) S A3 2L 123 4 ‘>>x
) U3 =
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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:
(xx—x) +(y-y) =r
(% —x) +(,—y) =r

(x,—x.) +(yy—y,) =r’

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

2 2 2 2 2
Xy =2X,X, + X, Yy, =2y, y + Y =7

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

200, = X)X, + 2 = V). =X =X 4y =y, 7 ol

20, = %)%, +2(V, = V)V, =X — X3 + ¥, — V3
{2(961—)62) 2(y1—y2)}{xc}{xf—xzz+yf—y§}
2(x1—x3) 2()’1_373) Ve xlz_x32+y12_J’32

_1
|:xc:|:|:2(x1_x2) 2(y1_y2):| .{xlz—x22+y12—y§}
Ve 206, —x3)  2(,—ys3) x12_x32+J’12_QV32

Circle’s Center:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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-1

X, | 1200 -x) 201 —») . X =Xy + Y =¥,

V. 2(x,—x3) 2(y,—3) x12 _xs2 +)/12 _y32

r =% — %)% + (71 — ¥e)?

1y =~/ (2 — %)%+ (V2 — ¥e)?

s = /(x5 — %)% + (3 — V)2

Circle’s Radius:

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

« Representation of 3D Geometry

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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Understanding 3D Geometry (2)

3-D Shape Picture Example
« The appearance of physical =S
entities in a 3D space is - ‘ 5.0
manifested in the form of 3D -
shapes which are also called v Ei =
objects.
sphere
pyramid /N
hexagonal
prism L1
X [ | [

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

* 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.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Understanding 3D Geometry (3)

(Why to use the terminology of generative Al? What is not generative?)

« Complex shapes in a 3D space are the results of compositional
rules such as:
Intersection at Points

P

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

- Intersection at Curves

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

Intersection at Surfaces
/

— 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)
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Connected Between Points

Surfaces

Connected Between Lines Blocks
Connected Between Surfaces
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Understanding 3D Geometry (4)

« The geometry of physical entities in a 3D space also includes their
positions, orientations and travelled locations (i.e. motions).

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Understanding 3D Geometry (5)

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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Understanding 3D Geometry (6)

« The spatial locations with time constraint are called trajectories.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Robot Performing Motion
with Time Constraint

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Two Types of Parameters in Geometry

 Pose:

— It refers to positions
and orientations of
entities with respect | global
to a Global
Coordinate System.

« Shape:
— |t refers to surfaces of
entities with respect

to Local Coordinate Oeal Xiocal
Systems assigned to
these shapes, A
respectively. O y1obal Ly
global
Zlobal

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Positions in 3D
Space without Time Constraints

7= (.X,' s V,Z ) fwi o .
= o }Ilocal
Olocal X local
flx,y)=0 . . e
Z local 0, X

fx,2) =0

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

(x@®)) (ar+bt*+ct+d.
F(t)=| y(t) |=| a,t’ +bt* +c,t+d,
z(t)) \a.t’ +bt" +ct+d,

(x()) /axtz +bt+c, )
Fit)y=| y(0) |=| a,t’ +bt+c,
z(t)) \at’ +bt+c,

(x(1)) (at+b )
r()=| y() |=|at+b,
\z(#) ) \a.t+b._ )

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

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

Robot Arm
( ) H R Rtooltip Ttooltip
tooltip — 00 0 1
] — - X Ttoolti
Hyorig = [0 Ogltlpo tooltlp1 tooltzp‘

Htooltip X Hyorta = Iaxa

— -1
Htooltip — Hworld
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Equivalent Axis and Angle of Rotation in 3D
Space

1 T2 T3
Ry ¢, = |21 T2z T23
31 T3y 133

K

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

v v

Equivalent Axis of Rotation: Equivalent Angle of Rotation:
711+ Ty + 1733 —1
T3y — T3 O¢,t, = arccos > )
T = |T13 — 7”31]
|y — 1y

Simple and Useful for Adding Time Constraint
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Applications with Equivalent Axis and Angle
of Rotation: Animation / Planning

o Euler Equation: A]
: 7 Rotation Axi
el® = cos(w) +j sin(w) oEnE
~ A vector 1
* Unit Axis of Rotation: A base vector
> 1
' =nd+nj+nrk i2=-1
k jt=-1
* Angle of Rotation: @

Vv k*=—1

. Unit Quaternion: g = e?" = cos(0) + sin(6)r

 Rotation of Vector:

vafter =q- vbefore (COS(H) + SIH(Q)T) vbefore

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



Nanyang Technological University

More About Quaternion

* Non-Unit Quaternion: g =(a,v) =a+bi+cj+ dk

« Unit Quaternion: q = (cos(8),sin(6)r) = cos(8) + sin(0)7
Unit vector of axis of rotation 7
. Sum of Two Quaternions: 91 = (a1, 71) g2 = (az V)
q1 + g2 = (a; + az, vy + U,)
« Multiplication of Two Quaternions: q1 = (ai,¥%;) g2 = (az, V)
g1+ q2 = (a1a, — Vg - Uy, a1V, + ay vy + U1 X Uy)
« Equation of Rotating a Vector: v = (0,%) g = (cos(0),sin(6)r)

Unew = 4V

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Line-Type Shape
in 3D Space

ax+by+cz+d=0

ex+fy+gz+h=0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Curve-Type Shape
in 3D Space

f(x,z)=0 g z"

Z
n n—1
[x X I]Anxn
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Representation of Spherical Shape
in 3D Space

(x—c)’+(—c) t(z—c) =r°

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

o Y ol RN N e
T T T T T 1 1

4

ax+by+c;+d=0
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Representation of Plane-Type Shape (e.g.
Rectangle or Triangle) in 3D Space

ax+by+cz+d =0

Z local

Ylocal

X local

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to compute the distance
from a point to a plane?

ax+by+cz+d =0

(xv Yy 21)
Zlocal ID

/T -/

ax +by +¢z +d =0

Ylocal

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

- \/02+b2+c2

X local
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Any surface could be approximated
by a matrix of Triangles or Rectangles

¥

Next Slide
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One example ...

Question: Given four points in 3D scene, could they be represented by a rectangle?

13:55
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More examples ...

Question: Given three points in 3D scene, could they be represented by a triangle?
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Representation of 3D Surface
Data Structure of 3D Point Data Structure of 3D Surface

typedef struct typedef struct
{ {
short u,v; 3DPoint triangle_list[][3];
double Xx,vy, z; short  number _triangle;
} short  surface type;
3DPoint ; }
3DSurface;

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

« Computation of 3D Geometry

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Three Questions ... &f

 \What are the available
input?

 What are the expected
outcomes?

 What are the solutions
which will produce the
expected outcomes from the
available input?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Challenge: How to obtain input?

Iy

R Lecture 6

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Estimation of Equation of Planar Surface

* Input:
— A list of points as training set, which belong to a planar surface.
List = {(x;,y;,2;),i = 0,1,2, ...,n}

* Qutput:
— The coefficients of the equation of line

ax +by+cz+d=1

« Solution: Least-Squares Method

o L
N 0.6 X1

oY ¥ 0.8

O0.g

X2

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

ax; + by; +cz; +d =1,i =0,1,2,3,..n

Xo Yo Zo
X 7
A=|"1 Y1 A

JURTEN
S
I

Q. aS Q
vyl
Il

=

Xn Yn Zn 1

AX

Il
oyl

X = (AtA)"1(A'B)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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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)7

/ Planar Surface Perpendicular to OXZ Plane

° Answer: x=az+b Planar Surface Perpendicular Z
d to OYZ Plane (4, 8, 10)
y=cz+ /B
(9.2.7
-k”
O=T7a+b 4=10a+b
2=Tc+d 8=10c+d e Y
X =
71 0 0Ya) (9 ay (7 1 0 0Y'(9
0 0 7 1|b]| |2 bl |0 0 7 1|2
101 0 Ofc| |4 cl (10 1 0 o |4
0O 0 10 1)\d 8 d 0O 0 10 1 8
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Estimation of Equation of Spherical
Surface
* Input:

— A list of points as training set, which belong to a spherical surface.
List = {(x;,v;,2;),i = 0,1,2, ...,n}

* Qutput:
— The coefficients of the equation of circle

(x—c¢. )+ —c, ) +(@z—c; )=17

« Solution: Least-Squares Method

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

(x; — cx )2+ — ¢y )2+ (zi — ¢, )*=715i=0,123,..n

X —2x;Cy + C2 +yf — 2yicp + ¢ + 27 — 2zic, + 2 =717,i=0,123,..n

X§ — 2x0Cx + Cf + Y5 — 2yoCy + ¢ + 2§ — 2z, + ¢ =1

X? — 2x16 + cx + yf — 2y1¢p + ¢f + 2{ — 2250, + cf =17

Xj = 2XnCx + C5 + V5 — 2Vncy + ¢ + 25 — 224, + ¢ =15

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

2(xg — x1)Cy + 2(yo — )’1)Cy + 2(zp — z1)c; = xg - x12 + yg - 3’12 + Zg - Z12

2(xo — x1)ex + 2o — yidey + 2(20 — z)c; = x5 — X7 + 6 —yi + 26 — z{

Z(xo - xn)cx + 2(3’0 - yn)cy + Z(ZO - Zn)cz — xg o xrzz + yg - yr% + Zg - Zrzl

-Z(xo_xl) Z(yo yl) Z(ZO_Zl) _x(Z) _x% +yg _yf +Zg _Z%_
s Cx .
A=|2(xo—x;) 2(yo— yl) Z(Zo —z)| X=|C B =|x2—x?+y%—y?}+z2—2zf
e CZ .
-2(x0 - Tl) Z(yO Yn) Z(ZO - Zn) xg — xn + yo yn + ZO — Z%

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

_Z(XO—xl) Z(yo yl) Z(ZO _Zl) _xg _xlz +yg _ylz +ZO 12_
Cx
A=|[20x0—x) 20— yl) 2(20 —z)| X=|S| B=|x3—-x}+y¢—y}+z2-2z}
C, ]
-2(x0 - n) 2(3’0 Yn) Z(ZO - Zn) x(z) — xn + yO yn + ZO — ZTZ'L—

= simulated points
« fittied sphere
#*  centre of the sphere circle

Il
oyl

AX

X = (AtA)"1(A'B)

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

(x; — cx )2+ — ¢y )2+ (zi — ¢, )*=71/i=0,123,..n

r; = \/(xl- — ¢ )2+ (i — ¢y )2+ (2 — ¢, )%i=01.23,..n

Best fit sphere

n
_ Zi=0Ti

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

* You are given three points on a circle, what are the equations which
are sufficient enough to determine the parameters of the circle. How
to estimate the parameters inside the equations?

* Answer:
(1) (xl_xc)2+(y1_yc)2+(Zl_Zc)2:r2
(2) (')(:2_‘xc)z_l_(yZ_yc)z_l_(ZZ_Zc)z:r2

(3) (‘x3_xc)2+(y3_yc)2+(23_Zc)2:rz

@ ax+by+cz+1=0 R

Reference Coordinate System

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

First step is to estimate the equation of supporting plane.
Second step is to estimate the center of the circle.
Final step is to estimate the radius.

Hint to first step:

ax+by+cz+1=0

C (axl + byl + CZ1 +1=0 N
ClXZ + bYZ + CZZ + 1 — 0 04 05 og 07 ‘l 0.8

X axis

kax?) _|_ b)’3 _|_ C23 _I_ 1 — 0 Reference Coordinate System

A

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

« Concept of Knowledge Space
* Representation of 2D Geometry
« Computation of 2D Geometry
« Representation of 3D Geometry

« Computation of 3D Geometry

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

» Lecture 2:
— Fuzziness-Driven Computation

Cognition B
- _8 )
£8
o
Recognition

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



School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Lecture 2 of Module 4

Al 3.0
MA4829 Machine Intelligence

Fuzziness-Driven Computation

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?

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

» Use of Natural Languages

» Fuzziness of Natural Languages

» Concept of Belief's Fuzzy Sets

» Concept of Action’s Fuzzy Sets

« Computation of Conceptual Knowledge

« Computation of Control Signals

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

» Use of Natural Languages

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Landscape of Authentic AI ...

* One Tool Symbol Grounding Signal Grounding
« Two Worlds

* Three Intelligences
* Four Pillars

achine Intelligence

A

« Signal to Knowledge =#&
* Knowledge to Knowledge #2825

AN =i}

* Knowledge to Signal 17%&

Knowledge
Representation
Knowledge
Perception
Knowledge
Computations
Knowledge
Applications

|
Artificial Intelligence

NEW FOUNDATION OF Computer-Aided Intelligence
INAI'E[LFII((E:IIE?\ILCE Human Intelligence ] §
= Natural Sciences Social Sciences o
Knowledge 5
Properties Constraints —
Conceptual Worlds 1RZ2 B
Human Languages §
Physical World @&z ] =

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is a human language?

 Human languages are tools for our sensory systems
to encode knowledge perceived from the physical
world.

* The outcome of such encoding are texts which form
the so-called conceptual worlds.

« Texts in conceptual worlds enable us to reconstruct
(i.e., decoding) the knowledge in the physical world.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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There Are Two Purposes for Human
Beings to Use Human Languages

+ Knowledge Description (via Perception)
— From physical world to conceptual worlds

+ Knowledge Understanding (via Reconstruction)
— From conceptual worlds to physical world

Issue of Issue of
Fuzzification Defuzzification

MIMO = Sum of MISOs = Sum of SIMOs

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Knowledge Description: Illustration

« Sense

» Cognize

» Recognize
 Encode

Worlds of Beliefs

Worlds of Truths

Description

Conceptual Worlds The Physical World

Knowledge
of entities

Issue of
Fuzzification

-

We are more affected by Beliefs than by Truths!

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Process of Knowledge Description

It involves two steps:

« Use of sensory systems to sense, cognize,
and recognize, the knowledge.

« Use of words, phrases and sentences to
encode the cognized, or recognized,
knowledge.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Knowledge Understanding: Illustration

Worlds of Beliefs Worlds of Truths
(Person A)
Description

Conceptual Worlds The Physical World

Knowledge
of entities

Understanding

« Decode
« Recognize | (Person B)

* Visualize | (Machine C)
« Simulate

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Process of Knowledge Understanding

It involves two steps:

* To decode, or recognize, knowledge
from texts.

* To visualize, or simulate, the recognized
knowledge in the physical world.

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

» Fuzziness of Natural Languages

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



Example of Human-Robot Interaction
Using Natural Language with Fuzziness ...

__B
I

= %
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Clearly, the sensory systems of human beings
could output accurate data to a certain extent
(this is an advantage). For example, ...

—_

* A caris moving.

Car’s Size?

* A car is following another car.
—— Car’s Speed?

* A car stops at a junction.
Car’s Weight?

* There is a pedestrian.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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It seems that our sensory systems intentionally
produce fuzzy outputs (this is an advantage). For
example, ...

Example 1 Example 2

« A caris moving very fast. That truck is heavily loaded.

* A caris following another car That car is very noisy.

closely.

The street is very crowded.
« That car is beautiful and large.

The street-light is too dim.
« This car is powerful.

Discussion: Is fuzziness about belief or vagueness?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Challenges Faced by Authentic Al

All knowledge in the physical world are crisp.

Not all knowledge in conceptual worlds are crisp
(NOTE: this is an advantage).

* Challenge 1: (Pillar No.2 of Al)

— How to transform crisp sensory data into fuzzy
sensory beliefs or conceptual knowledge?

‘ Use of Belief's Fuzzy Sets
* Challenge 2: (Pillar No.4 of Al)

— How to transform fuzzy linguistic instructions into crisp
signals for action-taking or behavior-control?
mmm) Use of Action’s Fuzzy Sets

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Fuzzy Set Associated with Belief "Red Color”

 The sensory data
(255, 0, 0) could
trigger the belief of
red color.

 The sensory data
(255, 1, 0) could
also trigger the belief
of red color.

 The sensory data
(255, 1, 1) could
also trigger the belief
of red color.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Fuzzy Set Associated with Belief “"Tall Man”

« A tall man may refer to a man of g%
the height of 1.80 m.

« A tall man may refer to a man of
the height of 1.85 m

« A tall man may refer to a man of
the height of 1.90 m

{Atall man} <:> {Infinite Number of Instances of Height}

This is an advantage of doing knowledge compression!

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

» Concept of Belief's Fuzzy Sets

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



Important Remarks

How is the traffic condition?

* The sensory
systems of human B, |
beings could not S e T
output crisp data.

* The sensory
systems of human
beings output

. Issue of Issue of
Sensory beliefs. Fuzzification Defuzzification
f ‘

MIMO = Sum of MISO




Belief will affect us more than truth
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What is a sensory belief which is fuzzy?

|t refers to a specific knowledge in terms of properties, constraints or
behaviors, which is associated with a set of sensory data with certain
degrees of belief. Such association is one-to-many association. One
belief normally correspond to a set of sensory data (i.e., MISO).

possibility

Smodth Texture Edge

a b c
Gradient magnitude of pixel

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is a belief’s fuzzy set?

100 — MISO MISO MISO
« All the sensory data, v — :
which could trigger a o / \
same belief with different recen |
levels of possibility, 20 —] — o
consist of a belief's fuzzy o |
set. I
Crisp Values of Sensory Data
* Hence, a belief's fuzzy R
set corresponds to a set o 50 MEDLp MISE V2 Her
of sensory data pa@79=061 N /LN
associated with :
possibility values. e OTR02 A :
0 of1 0,2 ofs 04 ois 0,6 Df? - 0,8 ofg 1 >
MIMO = Sum of MISO Crisp Values of Sensory Data

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Possibility Function

« ltis a function which takes values between 0 and 1.
» In fuzzification, such values indicate the possibilities for a set of sensory data to trigger a
fuzzy belief about specific knowledge (15t type of output from Al systems).

* In defuzzification, such values reveal the possibilities for a fuzzy action to produce a set of
crisp values for controlling specific behaviors (2" type of output from Al systems).

possibility

Smodih Texture Edge “

a b c
Gradient magnitude of pixel

cold warm

hot
. |
i ><

possibility temperature ’hz”
A '

slow medium fast

close near far very-far

distance

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to determine possibility functions?

— Possibility functions such as normalized Gaussian functions

_(x=w)? _
P(x) =e 207 symbolic data

— Possibility functions such as trapezoidal functions ,
u numeric data

— Possibility functions such as triangular functions

symbolic data 1 1

08

08

07

ner

nsp

04

symbolic data

03

n2r

|
|
1
|
|
|
|
|
|
|
|
| N
b 7 ot

c d Moo
05 04 03 02 -01 o 01 02 03 04 0.5

numeric data numeric data
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Representation of Belief’'s Fuzzy Set

Given a set of n crisp sensory data (input):
X={x;,1=123,..,n}

Given a set of m fuzzy beliefs (output) and their possibility functions:

B = {(b-,,uj(xl-)),i =1,23,..,n; j=123,..,m}

Then, the fuzzy set associated with j-th fuzzy belief is represented as:

FB(b]) = {(xl,u](xl)),l = 1,2,...,n},j = 1, 2, 3,..., m

MIMQO = Sum of MISO

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Fuzzy Sets Associated with Beliefs

« As shown in the figure below, what are the three fuzzy sets
associated with the three fuzzy beliefs if the speed’s
sensory data set is {40, 80, 120, 140, 180, 220} (km/h)?

Possibility

A

10 Slow Average Fast

0.8 4
06 —+

04 T
0.2 =+ Speed

| | | | | | >

I I I I I I
Okm/h  40km/h 80km/h  120km/h 140km/h 180km/h 220km/h

MIMO = Sum of MISO

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



Nanyang Technological University

Answer

e Fy(Slow) = {(40, 1.0), (80, 0.5), (120, 0), (140, 0), (180, 0), (220, O)}
e Fy(Normal) = {(40, 0), (80, 0.5), (120, 1.0), (140, 0.5), (180, 0), (220, 0)}

e Fy(Fast) = {(40, 0), (80, 0), (120, 0), (140, 0.5), (180, 1.0), (220, 1.0)}

Possibility

A

10 Slow Average Fast

0.8 4
06 -+

04 T
0.2 = Speed

| | | | | | >

I I I I I I
Okm/h  40km/h 80km/h  120km/h 140km/h 180km/h 220km/h

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

» Concept of Action’s Fuzzy Sets

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Im pO rtant Rema I‘kS Fuzzy Decision of Action
* Human beings are If pedestrians are present, stop car immediately

skillful with the use of:
sensory beliefs in
order to discover
knowledge.

N {/
‘ N § | B le - i

A
! !

A =

e S N 8 NN NN A A

 Human beings are
also skillful with the
use of sensory
beliefs in order to
determine crisp
values of control
Signal for action- If fuzzy conditions, then fuzzy decisions of actions.

taking.

If fuzzy decisions, then crisp values for action-taking.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Question to Focus on ...

Deviation .
* How to transform fuzzy of Steering Vehicle’s
. . . Angle speed
decisions of actions into 7
crisp values of actions | |
which will enable signal- i ol

driven controls?

Fuzzy Angles

\ J | Fuzzy Actjons -US',’
° AnSWGF Crisp Angle g
. 5| Vehicle’s
— Use of Action’s Fuzzy ) M T Body
SetS | Fuzzy Signals

From Fuzzy Decisions of Actions to Fuzzy Sets

From Fuzzy Sets to Crisp Values for Action-Taking

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



What is an action’s fuzzy set?

. y . Deviation | o
* An action’s fuzzy setis a | ofsteering V::::zs
. . ngle
set of fuzzy decisions | |
associated with a single Vo
crisp value which enable AR |
action-taking or behavior-
CO ntrOI . Fuzzy Angles (—g
| [ Fuzzy Actions N&3
Crisp Angle i
5| Vehicle’
Action’s Crisp M I Bidl;: e’s
Fuzzy Signals Fuzzy Signals
Set o for Action-Taking =9
———>| Defuzzification |——>
MIMO = Sum of MISO From Fuzzy Decisions of Actions to Fuzzy Sets

From Fuzzy Sets to Crisp Values for Action-Taking

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Guessing an Action’s Fuzzy Set ...

* A car’'s speed is measured to be 140 km/h. Then, this crisp data
of action may reveal fuzzy decisions of action such as:

— Person A may say: “l am 60% certain that the car has received the
fuzzy command which asks it to move at a normal speed”.

— Person B may say: “I am 90% certain that the car has received the
fuzzy command which asks it to move a quite fast speed”.

* A car’s speed is measured to be 50 km/h. Then, this crisp data of
action may reveal fuzzy decisions of action such as:

— Person C may say: “| am 40% certain that the car has received the
fuzzy command which asks it to move slowly”.

— Person D may say: “| am 70% certain that the car has received the
fuzzy command which asks it to move at a normal speed”.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Action’s Fuzzy Set

Given a set of n crisp data (output) and m fuzzy decisions (input):

Y = {yl'l == 1,2,3, ,Tl} D == {d]r] — 1;2r3; )m}

The possibility function associated with j-th fuzzy decision is: u;(y;)

The possibility value for j-th fuzzy decision to output i-th crisp data is:

P(d;) = uj(yi)

Then, the fuzzy set associated with i-th crisp data is represented as:

FA(yi) = {(d,[lj(yl)),] =1,2,3, ...,m}, | = 1, 2, 3, R

MIMO = Sum of MISO

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Action’s Fuzzy Set for
Vehicle’s Speed Control ...

F,(45) = {(drive slowly, 0.2), (drive mediumly, 0.2), (drive fast,0.0)}

possibility \
100 —

Percent

Crisp Values of Speed Control Data

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Action’s Fuzzy Set for
Steering Angle Control ...

F,(a/2) = {(NB,0.0), (NS 0.0), (ZE,0.5), (PS,0.5), (PB, 0.0)}

possibility (fuzzy actions of steering)

™

NB (Negative Big)
NS (Negative Small)
ZE (Zero)

PX (Positive Small)
PB (Positive Big)

|
|
100% NB NS ZE | PS PB @
|
|
|
|

r

-b ~a 0 I a b
(Crisp Values of Steering Angles)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Action’s Fuzzy Set (i.e.,
Planning) for Daily Self-Study Time ...

F,(40) = {(low motivation, 0.0), (medium motivation, 0.5), (high motivation, 0.5)}

possibility \yi = 40 minutes

Student’s Motivation

LOW MEDIUM

>
10 30 50 min

Planning of Student’s Self-Study Time per Day

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

« Computation of Conceptual Knowledge

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Applications of Fuzzy Sets Associated with Beliefs

« Transformation of sensory data into sensory beliefs.
« Solution to the Symbol Grounding Problem in Al.

Crisp Fuzzy Image Brightness
Sensory Sensory .
Data Belief LOW MEDIUM HIGH
Set o Set
7| Fuzzification o vekaubondl NN NN 00 RSN 0 W

L) L) Ll T LI ‘II >
0 01 02 03 04 0506 07:08 09 1

Percentage of Intensities -
Crisp sensory data

MIMQO = Sum of MISO

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example 1: Use of Colour Images to
pin

(a). An Input Image from NTU (b). Grouping of Pixels from the Trees

(c). Groupings of Pixels from the Road and (d). Combined Result of Pixel Groupings
the Sky

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example 2: Use of Intensities to
Do Pixel Groupings

~ Possibility

¢ Grey Levels 233

Crisp Values of Sensory Data

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

« Computation of Control Signals

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



Nanyang Technological University

Applications of Fuzzy Sets Associated with Beliefs

and Actions ...

. Toimitate human-like decision- /AI s Pillar No. 3: knowledge to Knowledge

making with fuzzy sensory data:

— To transform crisp sensory data
into fuzzy sets associated with

beliefs _
— To apply fuzzy rules to determine Action’s Crisp
fuzzy decisions Fuzzy Signals
— To transform fuzzy decisions into Set . i for Action
crisp decisions ——— Defuzzification[——>

 To imitate human-like action-taking
with fuzzy sensory data:

— To transform crisp sensory data
into fuzzy sets associated with
beliefs

— To apply fuzzy rules to determine
fuzzy decisions of actions

— To transform fuzzy decisions of

actions into crisp values for . .
action-taking or%ontrol Al’s Pillar No. 4: knowledge to Signal

MIMO = Sum of MISO

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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ibilit
Example of Food quality Input 1 _
- ] — Bad
Imitating Human- | — ecent
m = = 0.6} — Great
Like Decision-
0.2+
M a kl n g I n Crisp Values of Evaluation
R t t 005 2 2 6 5 10
estaurant ... o
10 possibility Service quality |nput 2
08 — Poor l
el — Acceptable
* Get evaluation of food quality 06| — Amazing
0.4+
» Get evaluation of service quality ol
Crisp Values of Evaluation
+ Fuzzify both evaluation results %% 2 g 6 8 10
Lo possibility Tip amount Decision
 If food quality is ..., then tip is ... — Llow |
08 1 —  Medium
. . . .. — igh
« If service quality is ..., then tipis ... | °°f o
0.4+
» Defuzzify the fuzzy decisions. 02!
0.0 L | I !
« Determine the crisp value of action. 0 > 10 - 20 2
Crisp Values of Action

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Examples of Implementing Fuzzy Controllers ...

@—
Planning Automatic Driving = Fuzzy
[ e e
Path _ _ Brake || @ |4L— | ontroller
) . Longitudinal | =T ®
| = !
Planning Tra_]ect.ory o Control { ==
Tracking Throttle | :
> | Behavior | —m Lateral : — .
Decision > Control Steering
Behavior | S equeiice Crear Lever
Trajectory Decomposing | P antml
Greneration Horn & Lamp

Environment Perception
| Camera |
Sensor Lidar & Radar
Processing GPS
o slow cruise fast very fast
| Vehicle Sensors | £
=
8 uzzy Pegijsions of Action
0.0 ]
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Procedure of Implementing Fuzzy Controllers ...

« Step 1: Transform crisp sensory data into fuzzy conditions (i.e., beliefs).
« Step 2: Transform fuzzy conditions into fuzzy decisions (i.e., also beliefs).
« Step 3: Transform fuzzy decisions into crisp values for action-taking.

Crisp Sensor

Data 1
IF AR _THEM .

g;:::zsensor IF _AMD ._THEM ._ Output of

S :} Crisp Values

IF L ARD . THEHM . —:’ “i -

Crisp Sensor - )

Data n
IF _ AND . THEM ._

Fuzzification Fuzzy Inference Defuzzification

MIMO = Sum of MISO
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Step 1: To convert crisp sensory data
into fuzzy conditions (i.e., beliefs)

* To use fuzzy belief sets which include possibility functions

MIMO = Sum of MISO

Possibilit
31 Extremely Very Slow Normal Fast

10 Slow Slow Speed Speed Speed

0.8 4
06 —+

04 T
0.2 -+

| Car’s
>
I I I I I Speed

10km/h  20km/h 30km/h  40km/h  50km/h  60km/h

Crisp Values of Sensory Data
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Step 2: To transform fuzzy conditions
into fuzzy decisions (i.e., beliefs)

* To use fuzzy rules such as: if fuzzy conditions, then fuzzy
decisions of actions.

For example,

. ]Icf the speed of a car is too fast, strongly increase the braking
orce.

 If the temperature in a room is too warm, largely lower the
value of temperature setting.

 If the distance to a frontal vehicle is too far, largely increase the
speed of our vehicle.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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More Examples to Illustrate Step 2 ...

« If a car is moving too close to the left landmark, then rotate the
steering wheel clockwise in a large amount of angle.

« If a caris following a fast-moving car in front, largely increase the
distance to the leading car.

» |If the weather becomes very foggy, largely reduce a car’s speed.
 If error signal becomes too big, largely increase control signal.

» If the payload becomes too big, largely increase a car’s output
power.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 3: To transform fuzzy decisions
into crisp values for action-taking

» To represent fuzzy decisions of actions.

» To compute the weighed sum of the possibility distributions of all
the permissible fuzzy decisions of actions.

 To use the weighted sum as the output of crisp value.

Fuzzy Controller

If XisAfand¥ g B1then Zis C1
If Xigs A2 and Y is B2 then £is C2
If XisA3and ¥ i B3then 215 C3

2. m(a;)P(a;)
t l o = T;z(ai)a

Crisp inputs Crisp outputs
MIMO = Sum of MISO

v
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Weighted Sum of Fuzzy Actions

m(a;) : Mean value of fuzzy decision of action i's possibility distribution.

P(a;) - Possibility of making fuzzy decision of action i.

. 2. m(a;)P(q;) Fuzzy Action
° 2. P(a) =
Fuzzy Decision
100 m— +
60 —— Crisp Value
P
= 60 —
_
| g 40 —
O P77 Aot Acion2 /- Action3
0 . .
L

20 30 40 &0 60 70 B0 90 100

Crisp Values for Action-Taking
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Representation of Fuzzy Decisions of Actions ...

 To associate a full-scale possibility function with each possible decision
of action, which is also a fuzzy belief.
Fuzzy Decisions of Actions

. . 1.0 -
Fuzzy Decisions of:
+ Action L1 ]
« Action L2 e
L5 (Weakest Value
* Action L3 2 06- A
.+ Action L4 s -
 Action L5 08_ e L1 (Strongest Value)
0.2:4
MIMO = Sum of MISO
0.0 A1

0.0 0.2 0.4 0.6 0.8 1.0

A single sensory data may trigger multiple decisions Output Values for Crisp Action-Taking
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Example of
Computing
Weighted
Sum ...

Sensor Data x triggers action D

Sensor Data y triggers action E

Sensor Data z triggers action F

Fuzzy Action

Fuzzy Decision
+

Crisp Value

Sensory Belief A

Rule 1:

If sensory belief is A,
then fuzzy action is D

P(ay)

a1=D

V(D) = m(D)

Crisp Values of Sensory Data

Rule 2: Sensory Belief B

If sensory belief is B,
then fuzzy action is E

P(a,) Crisp Values of Action

V(E) = m(E)

a2:E

Crisp Values of Sensory Data

Sensory Belief

Rule 3:

If sensory belief is C,
then fuzzy action is F

P(a3) Crisp Values of Action
F

a3=F

V(F) = m(F)

Crisp Values of Sensory Data

DEFLZZIFICATION:

. X V(a;)P(a;)
2 P(a;)

Crisp Values of Action

crisp value = n Crisp Values of Action
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Another Example of Computing Weighted Sum ...

* Inside a smart car, a fuzzy sensory belief triggers action 1 with the
possibility value of 0.8 while a fuzzy sensory belief triggers action 2 with
the possibility value of 0.1. If the mean value of fuzzy action 1’s possibility
distribution is -8.2 degrees and the mean value of fuzzy action 2’s
possibility distribution is -18.2 degrees, what should be the crisp value of
steering angle?

Fuzzy Fuzzy ; -
Action 2 Action 1 « Rule 1 triggers fuzzy action 1

« Rule 2 triggers fuzzy action 2

‘Negalive Negative Negative Zero Positive Positive Positive
10 Large Medium Small Small Medium Large
: I
Validi I / / \ / \
ty
os L\ otRue () / AR )4
| AN
2 / NA
= | o6 N
=
g 04
g \ JAR
0z N
y v
\| / \
| % .
-300 -25.0 -20.0 -150 -100 -50 00 5.0 100 150 200 250 30.0 ¢[]
Defuzzified Result: ¢ = -9.3° . ,
Qutput Values for Crisp Action-Taking Steering Angle . M
Y P(ay)
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Answer: V, = (—18.2 % 0.1 — 8.2 * 0.8) /0.9 = —9.31

Fuzz Fuzz
Actio)rlm 2 Acti o}r,1 1 * Rule 1 triggers fuzzy action 1
/ / * Rule 2 triggers fuzzy action 2
v
| 1Negatim Neggtim Negavﬁve Zero Positive F'miltive Positive
. Large Medium Small Small Medium Large
I
Validity / \ /fﬁ / \
0g L) ofRue )} |\ /1N )4
N1/ TN/
> \\ 7 W !f
= | o6 A\
o
B
3 0.4 7 7 TN
0 A Fi ﬁ\
02 /\ Validity \ ,/ .
of Rule (2) \ | / \
0.0 v -
-300 -25.0 =200 150 -—-100 -5.0 0.0 50 10,0 150 200 25.0 30.0 o]
Defuzzified Result: ¢ = —9.3° : .
Output Values for Crisp Action-Taking Steering Angle — Z m(al)P(al)

° 2. P(ay) -
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One More Example ...

* You works in an
automobile industry.
You are responsible of
designing a fuzzy
controller for
automatic gearboxes
with five speeds or
gear ratios.

* What will be your
design solution?

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

* If the car’s speed is 55 km/h, what should be the
gearbox’s ratio?

v=55km/h
|
Possibilit !
0SS! ”i Extremely Very Slow Normal : Fast
10 Slow Slow Speed Speed I Speed
: I
0.8 4 :
06 —+
04 T
0.2 —+ : Car’s
>
I I I I I Speed

10km/h  20km/h 30km/h  40km/h  50km/h  60km/h

Crisp Values of Sensory Data

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



Nanyang Technological University

Answer

« Step 1: Do Fuzzification

The sensor’s output is 55 km/h. The car is at normal speed.

v=55km/h
|
Possibilit !
ossibl I); Extremely Very Slow Normal : Fast
10 Slow Slow Speed Speed I Speed
- I
0.8 -+ :
06 -+
04 -1
0.2 - : Car’s
>
I I I I I Speed

10km/h  20km/h 30km/h  40km/h  50km/h  60km/h

Crisp Values of Sensory Data
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Answer (continued)

« Step 2: Apply Fuzzy Inference Rules ...

If a car’s speed is extremely slow, choose speed gear ratio 1.
» |f a car’s speed is very slow, choose speed gear ratio 2.

» |f acar’s speed is slow, choose speed gear ratio 3.

« |f a car’s speed is normal, choose speed gear ratio 4

« |f a car’s speed is fast, choose speed gear ratio 5.

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

« Step 3: Output Knowledge for Action-Taking

If a car’s speed is normal, set speed gearbox ratio to 4.

v=55km/h
|
Possibilit !
0SS! ”31 Extremely Very Slow Normal : Fast
10 Slow Slow Speed Speed I Speed
. I
0.8 -+ :
06 -
04 T
0.2 -+ : Car’s
>
I I I I I Speed

10km/h  20km/h 30km/h  40km/h  50km/h  60km/h

Crisp Values of Sensory Data
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Summary of Lecture 2

» Use of Natural Languages

» Fuzziness of Natural Languages

» Concept of Belief's Fuzzy Sets

» Concept of Action’s Fuzzy Sets

« Computation of Conceptual Knowledge

« Computation of Control Signals

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

» Lecture 3:
— Cognition-Driven Computation

Cognition B
- _8 )
£8
o
Recognition
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School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Lecture 3 of Module 4

Al 3.0
MA4829 Machine Intelligence

Cognition-Driven Computation

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?
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Outline of Lecture 3

Principle of Cognition (Learning)

* Principle of Artificial Neural Network

* Principle of RCE Neural Network

» Cognition of Colors
Cognition B
— 8o
« Cognition of Curves oot 25
£=
. Recognition
« Cognition of Pattern 9
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Outline of Lecture 3

* Principle of Cognition (Learning)

Cognition B
e Sz
&5
o
Recognition
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Cognition enables autonomy ...

N L A
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About Knowledge

Physical World

Flow .
Object Flow I Knowledge Flow
Systems A | Dynamics
Entities I Interactions
I
Materials I Causalities
Molecules : Constraints
I
Atoms I Properties
| .
Particles | Signals
\ Energies v I Energies J
Copyright é Ming XIE
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How to cognize or learn conceptual knowledge?

Answer: )
Machine Intelligence
The mental -
capability of oS \ 5 ° g o 2
transforming visual %’% é’ 2 o g = __ Artificial
signals into E 3 2 8 3 é B Intelligence
knowledge. s S L g 8 cg
14
Such mental : :
capability includes Computer-Aided Intelligence —
visual cognition Human Inte”igence
and recognition. Natural Sciences Social Sciences
Knowledge Human
Properties Constraints >’| telli
What is conceptual world? Conceptual Worlds nietiigence
‘? Human Languages
What is physical world? Physical World _

Copyright @ Ming Xie
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Discussion 1 (warm up ...)

Could learning be unsupervised?

* |Is unsupervised computation
equal to unsupervised learning?

* Could supervision come from
oneself?

« What are the roles of teachers?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Discussion 2 (warm up ...)

\TE]

e Could learning be statistical e
(i.e. randomness)?

Scene Caption
Classification Generation

 Are curriculums well
organized in schools? Staris

Understanding

Face Depth
Recognition Estimation

 |s statistical computation
equal to statistical learning?

Scene Text

Detection — Recognition

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Discussion 3 (warm up ...)

Y

\ 1
\ ’
@ 9 Unique
characters
‘:”TML:,‘
-

« Could learning be deep,
or be not deep?

by ,& VECTOR

--------------------------- EDUCATION SCENES

* |s recursive computation
equal to deep learning?

* Learningis an

incremental process, isn’t
it?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Discussion 4 (warm up ...)

 Why does a student spend many years to do
supervised learning in schools and
universities?
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Scenario of Visual Cognition

* Cognition Re-cognition
- e

Teacher: This is a blue color. Teacher: What is this color?

Machine: Got it. It is a blue color. Machine: It is a blue color.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is cognition in general?

« Cognition is to cognize or learn anything new or anything which is
not known before. Cognition or learning has to be supervised.

* What is this place?
* What is the building in the foreground?
* What is the building in the middle of the background?

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

Definition Similar Terms

* |tis a mental process * Supervised Learning
of cumulatively

learning new * Supervised Training
knowledge about new

entities or new * Education
knowledge about

existing entities. - Discovery

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What to cognize from visual signals?

* Photometric Knowledge of Entities from the
Physical World

— Luminance-related Appearances
— Chrominance-related Appearances

« Geometrical Knowledge of Entities from the
Physical World

— Points

— Lines

— Curves

— Shapes

— Surfaces

— Objects

— Exploded Drawings, etc.

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

* Objects
— Objects are the entities inside the physical world.

* [mages
— Images are the projections of scenes onto cameras.

« Colors
— Colors are the coordinates inside a color space.

* Curves
— Curves are the linked edges inside a digital image.

« Patterns
— Patterns are the shapes or outlooks of individual objects.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to cognize new and meaningful
features from visual signals?

. Our Research Around 1993
Step 1: Detection of New and

Meaningful Features

Step 2: Grouping of New and
Meaningful Features into Networks

Step 3: Supervised Training of
Feature Networks

=l J
Since 2015
(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to detect new and meaningful
features from digital images?

Our Research Around 1993
* Region-Based Detection and Grouping Results of Convolutions

— Arithmetic and statistical computation of
continuities in digital images

« Edge-Based Detection and Grouping 4 =,

— Arithmetic and statistical computation of ——
discontinuities in digital images

. i Detected Bounding Boxes
« Texture-Based Detection and Grouping

— Arithmetic and statistical computation of
periodic transitions in digital images

« Pattern-Based Detection and Grouping

— Arithmetic and statistical computation of
occurrences of shapes or outlooks

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is statistical computation
from digital images?

 To compute statistics in the
forms of:

— Histogram of Intensities

— Histogram of Colors

— Histogram of Gradients

— Histogram of Textures
(i.e. repeated mini-
patterns), etc.

(a) Cat with background (b) ows with background

P

Foreground = Image - Background
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How to represent new and meaningful
features detected from images?

* To use feature vectors which define feature spaces.

White _(+L*)
« Examples: P

— Color Space

— Line Space "
— Curve Space / g
— Shape Space | =

— Surface Space
— Texture Space, etc

Black
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What is feature (i.e. meaningful data)
network (i.e. interconnection)?

« A digital image is originally a set of unrelated pixels.

« Afeature is a meaningful data inside a digital
image.

« A feature network is a set of similar features which
are interconnected together.

 Examples:

— A network of interconnected pixels of a similar
color

— A network of interconnected edges

— A network of interconnected textures (e.g.
textures of background)

— A network of interconnected patterns (e.g.
patterns inside a face)
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How to Design Visual Cognition Systems?

* Follow this generic blueprint ... Image Sampling
New and Meaningful )
Teaching . SUpGI’VISGd . Feature Netwolrks geference Objecg
Training ) :
lL Detection/Grouping
> Images

Physical Entities
AZ

Detection/Grouping

ke Unsupervised | |

<€
Classification Familiar and Meaningful .
Feature Networks \Actual ObjeCtS/

Conceptual Worlds Physical World

Concept-physical
Representation of

.
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What are solutions underlying
cognition of ...

Colors

Curves

Patterns

Products

etc ...
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Answer: to connect physical world to conceptual
world (Feature Extraction - Symbol Grounding)

« Key Steps Involve Use of 2D-Model-Based Cognition and Recognition:
— Pattern/Object Detection Followed by Categorization
— Pattern/Object Detection Following by Identification

Sample Regression

Ny Predictor
(e.g., ATF NN)
Image v ﬁ Knowledge
Flow Image Sample Learning/ Flow
N N ot > . MUX >
Sampling \fggtog:\lz\?ﬂg{‘ Understanding
P T
Remaining Matchmaker
Challenge (e.g., RCE NN) NN : Neural Network
Sample Grouping ATF : Artificial
RCE : Restricted Coulomb
Note: We advocate KnowNet which is a knowledge network. CNV: E;gi:,géuuona
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Outline of Lecture 3

* Principle of Artificial Neural Network

Cognition B
e Sz
&5
o
Recognition
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History of Artificial Neural Network (ANN)

« Warren McCulloch and Walter Pitts (1943): Often cited as the original
inventors of the first computational model for neural networks. They
published "A Logical Calculus of the Ideas Immanent in Nervous
Activity," which proposed a simplified mathematical model of a biological
neuron (the McCulloch-Pitts neuron) capable of performing logical
functions.

« Frank Rosenblattl'l (1958) created the perceptron, an algorithm for
pattern recognition.

« The first deep learning multilayer perceptron trained by stochastic
gradient descent was published in 1967 by Shun'ichi Amari.

« Backpropagation is an efficient application of the chain rule derived
by Gottfried Wilhelm Leibniz in 1673.

« The origin of the Convolutional Neural Network (CNN) architecture is the
"neocognitron” introduced by Kunihiko Fukushima in 1980.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Artificial Neural Network

» An artificial neural network is an associative memory of values for
the representation of a system of linear equations.
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Property 1 of Artificial Neural Network

* An artificial neural network is a solution for the implementation of the
convolution between an input and a filter.

Input .| Filter [ —> Output

 Whatis a filter?
— Afilter is a selector of feature or knowledge.
— A filter is better to be the outcome of top-down design.
— A filter could be the outcome of bottom-up optimization.
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Example of Image Convolution

« Convolutional Neural Network (i.e. CNN)

Image
_ _ _Image_
alb|cid >@—> 21|22
z3|z4
e|flgyh qlr|s
1R tluly | Output’s Image
m n; O | p W X 'Y |Fiters Image 1. Input Image 1 *v) ’
2. Sub-image of Input Image 1
InpUtSImage 3. InputImage 2
R | =AW x 6T+ B)
out ! (22) c ) C ) 1
G | ///l@\\\_ ______________ E A(x)is:y =+/x Xx or
y=Xx
0
s G G G . G - Y s Lo gy — e

@@G@@GO@QGGG@QQO
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Property 2 of Artificial Neural Network

* An artificial neural network is a solution for the implementation of a system
of equations which represent the boundaries inside a knowledge space.

* An artificial neural network is better to be the outcome of top-down design.

* An artificial neural network could be the outcome of bottom-up optimization.

Image Primitives Feature Grouping
/ /| L7
| ]
4 Matrix of Pixel
atrix o IXels Line Segments Areas

Meaningful Data

> <

<

Object
Cognition/Recognition

Object
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Example of Boundary Representation

* Representational Neural Network (i.e. RNN)

’_p1=a1x+b1y+C1Z+d1
D2 =a2x+b2y+C2Z+d2

Pn = anX + b,y +cpz+d,

—

A(): Activation Function

output = A(input)

MIMO = Sum of MISO
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Popular Activation Functions:

« SoftPlus Function: { X={x;,i=12,..,n}

AX) = {In(1 + e%),i =12, ..,n} i >

Xi

e
A(X) = {n—x’l = 1,2, Tl}
i=1€""

« SoftMax Function: { X={x;i=12..n}

« Sigmoid Function: { X={x;,i=12,..,n}

AX) = (T, 1 = 12,1}
* RelLU (Rectified Linear Unit):
{ X={x;i=12,..,n}
A(X) = {max(0,x;),i = 1,2, ...,n} 1
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Property 3 of Artificial Neural Network

» An artificial neural network is a predictor or classifier which could tell
the identity and/or category of given physical knowledge.

* An artificial neural network is a solution to the symbol-grounding
problem in Al.

A(): Activation Function

—1,if input <0
A(input) =< 0,if input =0
+1,if input > 0

\ 4

{belong, not belong}

MIMO = Sum of MISO
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What is deep neural network?

« |tis a cascaded artificial neural network which integrates artificial neural
network’s computational power and prediction capability together.

———————————————————————————————————————

P mm mm mm mm mm mm mm mm mm mm mm mm mm mm Em Em Em Em Em mm mm Em mm mm mm mm Em mm Em Em Em Em mm e e e wd

“—> Input ——»| Filter [ —> Output
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Details of Deep Neural Network

(output = symbol with belief) A(X):SoftPlus,SoftMax, Sigmoid, etc

Feature Vector at Layer O: Deep neural network

i Input layer Multiple hidden layers Output layer
Input = FO = {fo’i,l = 1,2, ,m}

Feature Vector at Layer 1: foa
F; = A(Wy X Fy + Bg)

foz2 ._A\QA )\ X ALK O
Feature Vector at Layer k: M, y
Va% vav Va% O

fo,i . f
Feature Vector at Layer n: N
Fp=AWp_q X Fy1 +By1) fO,m

Conceptual Meanings at Output:
Belief = {[belief;, possibility;(F,)],j = 1,2, ..., L} MIMO
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Outline of Lecture 3

* Principle of RCE Neural Network

Cognition B
e Sz
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o
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History of RCE Neural Network (RNN)

 Leon N. Cooper (né Kupchik; February 28,
1930 — October 23, 2024) was an
American theoretical o
physicist and neuroscientist. He won HOW WE REMEMBER:

TOWARD AN
UNDERSTANDING OF

the Nobel Prize in Physics for his work G ERAINAND
on superconductivity. Cooper developed the =
concept of Cooper pairs and collaborated
with John Bardeen and John Robert
Schrieffer to develop the BCS

theory of conventional superconductivity. In
neuroscience, Cooper co-developed the BC
theory of synaptic plasticity.

» Restricted Coulomb RCE Neural Network
was developed by a team led by Leon N.
Cooper in the late 1970s.

= "' ) WIKIPEDIA ‘ Q_ Search Wikipedia
» The Free Encyclopedia

Search results

Q, RCE Neural Network

Advanced search:

« Some modified versions of RCE Neural | searchin: (e X)
Network was developed by T. Olmez et al Research Results on 2025.12.21
. The page "RCE Neural Network" does not exist. You can create a draft and submit it for
(1993) and M. Xie et al (2003).

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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https://en.wikipedia.org/wiki/Nobel_Prize_in_Physics
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Definition of RCE Neural Network

A RCE neural network is an associative memory of vectors for the
representation of a knowledge space.

R
0
)
= | R
C esponse
>
">
)
0
C
o
o
/)]
Q
nd
Full Type of | Exclusive Type l
Connection | " of Connection |
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Property 1 of RCE Neural Network

 RCE neural network is a vectorized neural network which has three layers.
« Each layer consists of a list of knowledge vectors. The weighting coefficient
at each link is 1.

» « Between the input layer and middle layer (also called prototype layer), the
connection among the node is full-type of connection.

* Between the middle layer and output layer, the connection among the
nodes is exclusive type of connection.

Full Type of Exclusive Type
Connection LI of Connection
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Property 2 of RCE Neural Network

* RCE neural network is a MIMO system which could be represented as:
— Sum of MISO
— Sum of SIMO
— Sum of SISO

» * Hence, RCE neural network represents a knowledge space which supports
incremental learning.

Full Type of | Exclusive Type
Connection 1 LRI of Connection

U U |
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Illustration of Property 2:

. MIMO = Sum of SISO Incremental Learning

Output Layer Vector
« RCE NN is an ideal system!
Middle Layer Vectors
Input Layer Vector
= I BN DN D D DN DN D DN D DN B B e .
=
Output Layer Vector
Input Layer
Middle Layer Vectors
MIMO = Sum of MISO
Input L Vector
MIMO = Sum of SISO e

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Property 3 of RCE Neural Network

« [Each vector at the input layer is a feature vector which could be
represented as:

Vini = Winipl =12,..}

Could be incrementally increased

« Output from each node of input layer is its feature vector.

Full Type of ! Exclusive Type
Connection L " of Connection
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Property 4 of RCE Neural Network

« [Each vector at the middle layer (also called prototype layer) is
knowledge vector which could be represented as:
Vmid,j = {vmid,j,l,l = 1,2, } = {,u 2> Pj» conceptual labels, others}

/
wj: mean of training inputs =12 | _
%;: co-variance of training inputs o From Teachers/Trainers

Full Type of ! Exclusive Type
Connection L " of Connection

Knowledge Space
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Property 5 of RCE Neural Network

* Output from each node of middle layer is a possibility value:

Vmid,j = {vmid'j,l,l = 1,2, } = {,u 25> Pj» conceptual labels, others}

. means of training inputs » _1(vinl —y ) =7 (i i—it))
Z;: co-variance of training inputs '

Full Type of ! Exclusive Type
Connection L " of Connection

Knowledge Space
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Property 6 of RCE Neural Network

« QOutput from each node of output layer is the copy of the selected node from
the middle layer:

Vmid,j = {vmid'j,l,l = 1,2, } = {,uj,Zj,pj, conceptual labels, others}

1
p} — e—i(vin,L Hj ) 2 (Uml ﬂ]) » V]’ vout,k= vmid,jr lf p] = max

Knowledge Space

Full Type of
Connection

Exclusive Type
of Connection
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Property 7 of RCE Neural Network

« RCE neural network is a representation of knowledge space which is
incrementally enriched by cognition or learning.

* RCE neural network is also an engine for knowledge recognition, which

behaves like a sum of SISO systems. .
Use of Programming Language

v

Vk, Rrepiy= S(Wour k), If Pr = max S( ): Any function of synthesis

| D

I (7p]

)

| c

> I = Response
I >
Y=

I (]

"B [ | (7))

I cC

| o

@ i §

7p]

[ Q

I nd
Full Type of | Exclusive Type l
Connection | " of Connection |
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Outline of Lecture 3

» Cognition of Colors
Cognition B
S— Sz
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o
Recognition
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What is a color?

A color refers to pixels’ coordinates in a =
color space.

So“\\g“\ =

Glass prism

Color Image Color Space

White
L*

Yellow

Black

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

Concept-

Physical GOIOTI Red
Knowled ge Whe € Raspherry 255-0-0 Orange
Re | ated tO 255-0—313205 3(5)5-125-0
Colors Hlagei Yellow

255-0-255 255-255-0
How to Vit _ Spring Green
e n a b I e 125_0_2275050 125-255-0
machines to o
cognize or e Green
learn such 00-295 0-255-0

Ocean Turquoise
kn OWI ed g e? 11 q%%lol Lz .
0-255-255

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution Toward Cognition and Recognition of
Colors

Digital
Image

Step 1:
Sampling of Color Pixels

Y

Pixels with

Colors
Y
Step 3a: Feature Step 2:
Supervised Training Vectors Color Representation

Cognition

::I Step 3b: :
‘ KnowNet \ Database P Recognized

:> of Learnt Colors Unsupervised Classification Colors

Recognition

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



Nanyang Technological University

Input Vini = {r,g,b,1,L,a,b,u,v, ...}

Images as 2D Matrices Data Structure of Pixel
« Color Images for Training typedef struct
{
short r,qg,b,1I;
short L,a,b;
short u,Vv;:
double Xx,vy, z;
}
Pixel;

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output Vmid,j = {,uj’Zj, D, conceptual labels, others}

Images as 2D Matrices Data Structure of Pixel
« Color Images for Training typedef struct
{
short r,g,b,1;
short L,a,b;
short u,v;
double x,vy, z;
string  color_name;
double feature vector||;
}
Pixel:

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

 How to cognize or learn the color that a pixel inside
an image belongs to?

Knowledge Space

|
Full Type of | Exclusive Type
. Connection | " of Connection "
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Step 1: To obtain visual samples (case of
colors) from input image ...

« Solution is to receive the training samples of colors from a teacher.

Samples
from —
Teachers

Full Type of ! Exclusive Type

Connection L of Connection

Knowledge Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 2: To represent a color by a vector

» Use of vectors in a chosen color space such as:

Blue

VM ME ML NN

Green Red

RGB Color Space

White
L*

Yellow

Black

L*a*b Color Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Color Conversion from RGB to L*a*b

X 1 0.607 0174 0200] R
Y [=(0299 0587 0114 | G
Z 1 0.000 0.066 1116 | B

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

max

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

max max

J\

1. L* axis (lightness) ranges from 0 to 100
2. a* and b* (color attributes) axis range from -128 to +127

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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RGB Working Space |Reference White RGB to XYZ [M]
0.57€67309 0.1855540 0.1881852
Adobe RGB (1998) D65 0.29737€9 0.€6273491 0.0752741]-
0.0270343 0.0706872 0.9911085
0.4497288 0.316248€ 0.184492€
AppleRGB D65 0.2446525 0.€720283 0.0833192]-
0.0251848 0.1411824 0.9224628
0.E32€6E69€ 0.2045558 0.126994€
Best RGB D50 0.2284569 0.7373523 0.0341508
0.0000000 0.0095142 0.815€858
0.6712537 0.1745834 0.1183829
Beta RGB D50 0.303272€ 0.6637861 0.0329413]-
0.0000000 0.0407010 0.7845080
0.4€741€62 0.2944512 0.188602€
Bruce RGB D65 0.2410115 0.€835475 0.0754410]-
0.0219101 0.073€128 0.9933071
0.4887180 0.3106803 0.2006017
CIE RGB E 0.17€2044 0.8129847 0.0108108]-
0.0000000 0.0102048 0.8897852

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Ekta Space PS5

D50

0.5938914
0.2€0€28€
0.0000000

0.2729801
0.73494€5
0.04189S€S

0.097348S5
0.004424S
0.7832131

NTSC RGB

0.€0€8S0S
0.29851€4
0.0000000

0.1735011
0.5B8€5950
0.0€€0857

0.2003480
0.1144845
1.11€2243

PAL/SECAM RGB

D65

0.430€1S0
0.222037%
0.0201853

0.3415418
0.70€€384
0.1255504

0.1783091
0.071323€
0.5350944

ProPhoto RGB

D50

0.797€749
0.2880402
0.0000000

0.1351817
0.7118741
0.0000000

0.0313534
0.0000857
0.8252100

SMPTE-C RGB

D65

0.38358%1
0.2124132
0.0187423

0.3€52487
0.7010437
0.1118313

0.191€313
0.08€5432
0.95815€3

sRGB

D65

0.41245€4
0.212€728
0.0183338

0.35757€1
0.7151522
0.1191520

0.1804375
0.0721750
0.8503041

Wide Gamut RGB

0.71€104€
0.2581874
0.0000000

0.10082S€
0.7249378
0.0517813

0.1471858
0.01€8748
0.7734287
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Color Conversion Program in MATLAB

M=[0.607 0.174 0.2 ; 0.299 0.587 0.114; 0.0 0.066 1.116];

ma4829RGBtoLAB.m | +
* RGB_MAX =[255 255 255]; 1 M=[0.607 ©.174 ©.2 ; ©.299 ©.587 ©.114; 0.0 0.966 1.116];
2
3 RGB_MAX = [255 255 255];
e XYZ_MAX=M*RGB_MAX"; 4
5 XYZ_MAX = M*RGB_MAX' ;
6
7 RGB = [50 100 150];
e RGB=[50100 150]; 8
9 XYZ = M*RGB';
10
° XYZ = M*RGB': 11 X = (XYZ(1)/XYZ_MAX(1));
’ 12 y = (XYZ(2)/XYZ_MAX(2));
13 z = (XYZ(3)/XYZ_MAX(3));
14
e x=(XYZ(1)/XYZ_MAX(1)); 15 L = 25.0%(100.8)"(1/3)*y~(1/3) - 16.0
16 a = 500.0%(x"(1/3)-y~(1/3))
* vy =(XYZ(2)/XYZ_MAX(2)); 17 b = 200.0%(y~(1/3) - z~(1/3))
o z=(XYZ(3)/XYZ_MAX(3)); N |

e L=25.0%(100.0)A(1/3)*y (1/3) - 16.0
e a=500.0%(x"1/3)-y*(1/3))
e b=200.0%(y(1/3) - zA(1/3))

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 3a: To compute the knowledge vector

Vimid,j = {,u 2 Dj, conceptual labels, others}

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection
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Simplified Example ...

* Receive a color name and a set of training colors: {(L;,a;, b;),i = 1,..,n}

« Compute the mean value and variance of a:

4 )
n n
1 2 1 2
Ha =£Zai Oq =£Z(ai_ﬂa)
i=1 =1
- /

Compute the mean value and variance of b:

\
1 n
of == (b — my)?
i=1

J

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

« Define the possibility function to be:

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type

Connection :_ of Connection =
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The Possibility Function (i.e. Symbol
Grounding Function) Will Look Like ...

: ma4829module5mvnpdf.m } + INameA Value
.— clc 4 Figure 1 - O X
;7 Imll B [64[2](’; 0: 0 5.0 File Edit View Insert Tools Desktop Window Help N
— sigma = . ; .01; - :
= a = 30:1.0:90 ; Daug‘@‘ug‘htﬁ
E | — - _ :1.0:30 ; - . - . .
jg b - 30:1.0:30 Multivariate Normal Probability Density Function
= [A, B] = meshgrid(a, b):
1= F = mvnpdf ([A(:), B(:)], mu, sigma);
) |— Fmax = max(F(:));
) — I = reshape(F/Fmax, length(a), length(b)); 1
= surf (a, b, F): b
| = xlabel ("Color Attribute: a'); 08
D= ylabel ("Color Attribute: b'); © =
= zlabel ('Possibility in %'); DC 06
L >
) 3
7]
o
0.2 4
0l
40
20 100
0 % 80
-20 40
Color Attribute: b -40 20 Color Attribute: a

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

* Represent the knowledge vector as:

Vimid,j = {,ua, Up, Og, Op, D}, cOlor_name, others}

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection
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Exercise

 We select a location on an image. Its RGB values are (30, 60, 210).
Its eight neighbors’ RGB values are:

(40, 30, 200), (20, 50, 230), (33, 45, 205), (15, 35, 200)

(80, 90, 230), (65, 30, 215), (35, 20, 190), (25, 15, 225)
If we name this color as blue, what is its concept-physical
representation in L*a*b color space?

Vimid,j = {,ua, Up, Og, Op, D}, cOlor_name, others}

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

L= cle

2 — rebtoxyz = [0.607 0.174 0.2; 0.299 0.587 0.114; 0.0 0.06 1.116];

= xyz max = rgbtoxyz*[256 256 256] ; <— Changeitto[255 255 255]

4 — reb=[30, 60, 210; 40, 30, 200; 20, 50, 230; 33, 45, 205;

5 15, 35, 200; 80, 90, 230; 65, 30, 215; 35, 20, 190; 25, 15, 225];

6 — [nbdata nbelement] = size(rgb) :

7— [ for i=l:nbdata

8 — xvz = rgbtoxyzk[rgb(i, 1) rgb(i, 2) rgh(i, 3)] :

9 — Lab(i, 1) = 25.0%(100. 0*xyz (2) /xyz_max(2)) (1/3) - 16.0 ;

10 — Lab(i, 2) = 500. 0%[ (xyz (1) /xyvz_max (1)) (1/3) - (xyz(2)/xvz max(2)) (1/3)];
11— Lab (i, 3) = 200. 0%[ (xyz(2) /xyz max(2)) (1/3) - (xyz(3)/xyz_max(3)) (1/3)];
12— “end

13 — Lab mean = mean (Lab)

14 — Lab_variance = var(Lab)

15— Lab st = [sqrt(Lab variance(1)), sqrt(Lab variance(2)), sqrt (Lab variance(3))]

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

regh =

30
40
20
33
15
80
65
39
25

60
30
50
45
35
90
30
20
15

210
200
230
205
200
230
215
190
225

Lab =
58. 6402 6. 0056 —56.2733
52.3735  31.2209 -63.6544
56. 1555 10. 7135 -66. 0191
55.4061  17.1521 -60.1535
50, 3377 15.9002 -67.2439
69.6571  10.8885 —43.3331
56. 1574 41. 1502 -61. 5265
48. 4515  37.1687 -67.1953
47, 4895 41.4141 -79. 0597
w, = —62.7177 || u, = 23.5126
op = 9.6479 o, = 14.1666

Lab_mean =

54.9632  23.5126 -62.7177

Lab variance =

44. 8548 200.6926  93. 0828

Lab_st =

ﬁt 6.6974  14. 1666 9. 6479

)

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

Cognition B
8o
« Cognition of Curves ' 25
KnowNet >
£=
Recognition
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What is a curve?

* A curve refers to linked edges
inside a digital image.
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Solution Toward Cognition and Recognition of
Curves

line parabola hyperbola

e i Digital
Image

circle ellipse

Y
N Step 1:
Q © / Edge Detection and Linking

circle ellipse line Y
Linked
Edges
parabola polygon
Y
Step 3a: Feature Step 2:
Supervised Training Vectors Curve Representation

Cognition <::I

‘ KnowNetI Step 3b:
o —> Database
Recognition of Learnt Curves Unsupervised Classification

Recognized
Curves

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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I“pl.lt Vini = {r,g,b,1,L,a,b,u,v,...}

Images as 2D Matrices Data Structure of Pixel
« Curve Images for Training typedef struct
;Z parabola hyperbala {
circle ellipse Short r’ g’ b’ I ;
AW short L,a,b;
N short u,v;
(OTD / double X, y,z:
NS }
e Pixel

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Output Vmid,j = {,uj,Zj, pj, conceptual labels, others}

Images as 2D Matrices Data Structure of Pixel
« Curve Images for Training typedef struct
fine parabola hyperbola {
4&4 % short r,g,b,l;
circle ellipse short L,a,b;
f \ / > short u,v;

double x,vy, z;

NIDZEN
Q © / string curve_name;

ellipse line double featu re_veCtOl'[ ],

circle

/L }

parabola polygon P I Xe | ,

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

 How to cognize or learn the curve that a list of pixels
iInside an image belongs to?

Knowledge Space

|
Full Type of | Exclusive Type
. Connection | " of Connection "
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Step 1: To obtain visual samples (case of
curves) from input image ...

« Solution is to receive the training samples of curves from a teacher.

Samples
from —
Teachers

Full Type of ! Exclusive Type

Connection L of Connection

Knowledge Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 2: To represent a curve by a vector

» Use of the coefficients of equations which describe the curves:

e Lines:
v=aXu-+b>b
 C(Circles:
o (U —up)? (v —1,)?
> + > —1=0
To To
« Ellipses:
(u— uo)z (v — Vo)z
5 + > —1=0
ru T’U

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Use of Polynomial Equations of Curves ...

 Polynomials of Degree 2: v=au’+bu+c

 Polynomials of Degree 3: v=au’+bu*+cu+d

« Polynomials of Degree 4: v=au*+budl+cut+du+te

+ Polynomials of Degree 5: v = au® + bu* + cu® +du®> +eu+ f
* etc.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the distance to a line?

lazy + byy + |

Va2 + b2

distance(axz + by + ¢ =0, (2o, y0)) =

AY
N F(o.y0) v=aXu+b
d
/ >
u
).X'
© (-'o+ d_axu—v+b
X Ly / Vit a?
é&x / \\\
S *(u,v)
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What is the distance to a circle?

distance = ‘\/(-’31 SRR (g — K

u—un)? (v—uvy)?
( 20) +( 20) 1=0
To To

distance = \/(u —Ug)?+ (v —vy)?—r1y

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the distance to an ellipse?

» Distance of a Point to an Ellipse:

dpoint = \/ (pz — c2)? + (py — ¢y)? p_x
e x d_elipse
- d_point
d_diff

r_
Y—l +
i
dottipse = \/ rixp(lp,—ca) +py ) )
erpse (po—ca)? X124 (p,—c,)  x12 | ’5\

SN T T

ddiff = dpoint - dellipse cx - -

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 3a: To compute the knowledge vector

Vimid,j = {,u 2 Dj, conceptual labels, others}

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection
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Simplified Example ...

* Receive a curve name and a set of edge pixels: {(u;,v;),i = 1,..,n}

« Represent the curve by an equation ofline: v=axu+b»

\ 4

vi=a><ul-+b,i=1,...,n

« Compute the coefficients of the equation of line: l

)] = v

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

« Compute the distances from {(u;, v;),i = 1,..,n} to the line:

axXu;—v;i+b

l V1 + a?

1
 Compute the variance of {d;,i = 1,...,n}: 0° = -

« Define the possibility function to be:

_l(axu—v+b)2
pj(u,v) — e 2 oVi+a?
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Simplified Example (continued) ...

* Represent the knowledge vector as:

Vmid,j = {a, b,o,p j,curve_name, others}

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection
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Exercise

« A contour in an image contains the following points:
u=1[100; 105; 110; 115; 120; 125; 125; 130; 135; 140; 145; 150]
v = [300; 290; 303; 305; 302; 298; 297; 303; 307; 302; 296; 304]
If these data form a straight line, what is its concept-physical

representation? ;4 ; = {a, b,o,pj, curve_name, others}

XH(F) 4REE(E) BA(V) #EA() TE((T) =m[D) &OW) #EH)
Dede @08 KE

308

306 -

304 -

302 -

300 -

298

296

204

292

290 ' )
50 100 150 200
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Solution: MATLAB Program

L= cle
2 — xdata = [100 ; 105; 110; 115; 120; 125; 125; 130; 135; 140; 145: 150];
3-— vdata = [300; 290; 303; 305; 302; 298: 297; 303; 307; 302; 296; 304];
4 — AB = polyfit(xdata, ydata, 1);
5— xvalue = 50:2:200 ;
6 — yvalue = polyval (AB, xvalue):
= plot (xdata, ydata, 'ro , xvalue, yvalue, b¥ ):
8
9 — for i = 1:length(xdata)
0— T error (i) = abs(AB(1)*xdata(i)-ydata(i)+AB(2))/sqrt (1+AB(1) "2) ;
L= end
2 — mu = mean (error) / >U
3— a=AB(1)
4 — bEAB(2) d_a><u—v+b
2 — sigma = sqrt(cov(error)) Remove “abs” / '"\\L/ V1+a?
\
Why? oo

Vv
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Solution: Results

_ MH(F) 4REB(E) BEE(V) fEA() TE(M =E(D) #OMW) #EIH) N
a - Nede @0EE I RE
308 .
0. 0836
306
304
b = 302
300
290. 1288 208
296
) 204F
sigma =
292 | -
290 — |
2.5134 50 100 150 200
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Outline of Lecture 3

Cognition B
e Sz
£5
o
" Recognition
« Cognition of Pattern 9
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What is a pattern?

« A pattern inside an image refers to
the appearance, shape, or outlook
of any visible entity in the physical
world or the conceptual worlds (
e.g. human-created characters,
graphics, drawings, etc).
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Solution Toward Cognition and Recognition of
Patterns

Digital
Image

Step 1:

Pattern Detection/Grouping

Y

Visual
Patterns
Y
Step 3a: Feature Step 2:
Supervised Training Vectors Pattern Representation

Cognition <::I

‘ KnowNet \ :> Step 3b:

= Database
Recognition of Learnt Patterns Unsupervised Classification

Classes
of Patterns
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InPUt vin,i — {T;g; b;I;L; a; b,lL,U,...}

Images as 2D Matrices Data Structure of Pixel
Pattern Images for Training typedef struct

{
short r,qg,b,1I;
short L,a,b;
short u,v;
double Xx,vy, z;

}

Pixel:
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Output v,a, ={r; X pj conceptual labels, others}

Images as 2D Matrices Data Structure of Pixel
« Pattern Images for Training typedef struct
{

short r,g,b,1;
short L,a,b;
short u,v;

double x,vy, z;
string  pattern_name;
double feature vector] J;
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Question

* How to cognize or learn the pattern that a sub-image
centered at a pixel belongs to?

Knowledge Space

|
Full Type of | Exclusive Type
. Connection | " of Connection "
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Step 1: To obtain visual samples (case of
patterns) from input image ...

« Solution is to receive the training samples of patterns from a teacher.

Samples
from —
Teachers

I
Full Type of ! Exclusive Type

Connection L of Connection

Knowledge Space

~———
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Step 2: To represent a pattern by a vector

* Increase the depth of visual pattern by doing Deep Convolution or
Fourier Transform.

« Convert the 2D matrix of pixels’ feature vectors into a single vector
which is called Apparent/Deep Feature Vectors.

Depth R / This series of values belongs
[~ to a pixel’s feature vector
y 4 y 4 4 y 4 y 4 yARAV 4 4
7 27 7 7 72?7 7 Y/
y 4 y 4 4 4 y 4 J 7 J 4 /] . .
Z | Size of visual pattern: N x M
vy
AU
q // ) Size of a Pixel's Feature Vector: L x 1
vdy%
. /
Height 1| | Size of a Pattern’s Feature Vector:

//’//
// (NXMxL)x 1

Width
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Definition of Apparent/Deep Feature Vector at Pixel

« An apparent/deep feature vector, or feature vector in short, of a pixel
refers to a vector which contains all the meaningful data computed at the
location of a pixel.

The Image of a Pattern

(NxM) \

Feature Vector at a Pixel
(Lx1)
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How to compute a feature vector at a pixel?

» A feature vector at pixel can be obtained in many different ways such as:
— From intensities
— From colors
— From Fourier Transform
— From lists of convolutions (i.e. Deep Convolution)

Fitor 1 | @ S
\ > Channel 1 Depth
Filter 2 N . ,
— > hannel
. \ 3 =
l//-S‘ . o o o o o o \
Ua/ ya) Channel k
af Filter k
oL ew
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Step 3a: To compute the knowledge vector

Vimid,j = {,u 2 Dj, conceptual labels, others}

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection
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Consider that these vectors

Simplified Example EmE belong to a hyper sphere
N

* Receive a pattern’s name and a set of its training data: {f;,i = 1,..,n}

« Compute the center and radius-variance of the hyper-sphere:

4 )

1% 1%
ar==>f o == (i = k) (i~ iy)
i=1 i=1
- J

« Define the possibility function to be:

1
—T‘fz(f—lif)t (f—ur)

P(f) =e
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Simplified Example (continued) ...

* Represent the knowledge vector as:

Vmid,j = {,Lt £, 05, Dj, pattern_name, others}

()
S
Samples )
from — §3
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection

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



Nanyang Technological University

Exercise

 We have three facial images of an object (i.e. images in grayscale),
which are given below. If the pattern’s name is “rectangle”, what is the
concept-physical representation of the pattern? (assume that we do not
use histogram of gradients)

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 | 150| 150 150 | 150 | 150 150 0 150/ 150 150 | 150 | 150/ 150 | O | 150, 150 150 150 | 150| 150
1 150 | 50 50 50 | 50 1150 1 150 | 60 60 60 | 60 | 150 | 1 150 70 70 | 70 | 70 | 150
2 1150 | 50 50 50 50 | 150 2 1150 | 60 60 60| 60 | 150 2 | 150 | 70 70 70| 70 | 150
3 1150 | 50 50 50 | 50 | 150 3 1150 | 60 60 60| 60 150 ' 3 [ 150 | 70 70 701 70 | 150
4 1150 | 50 50 50 50 | 150 4 1150 | 60 60 60 60 1150 | 4 | 150 | 70 70 70 70 | 150
5 | 150 | 50 50 50| 50 | 150 5 1150 | 60 60 60| 60 150 | 5 150 | 70 70 70| 70 | 150
6 | 150 | 50 50 50| 50 | 150 6 | 150 | 60 60 60| 60 1150 | 6 | 150 | 70 70 70| 70 | 150
7 1150 | 50 50 50| 50 | 150 7 1150 | 60 60 60| 60 {150 | 7 [ 150 | 70 70 70| 70 | 150
8 | 150 | 150 {150 150 | 150 | 150 8 150 | 150 | 150 {150 | 150 | 150 | 8 | 150 | 150 | 150 | 150 | 150 | 150
Pattern’s Training Data 1 Pattern’s Training Data 2 Pattern’s Training Data 3
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SOI ution 2 — imagel = [150 150 150 150 150 150
3 150 40 40 40 40 150
i n MAT LAB : 4 150 40 40 40 40 150
5 150 40 40 40 40 150
6 150 40 40 40 40 150
T 150 40 40 40 40 150
I n p ut Of 8 150 40 40 40 40 150
9 150 40 40 40 40 150
Tra i ning Data 10 150 150 150 150 150  150]:
11
to MATLAB 12 — image? = [150 150 150 150 150 150
13 150 60 60 60 60 150
14 150 60 60 60 60 150
15 150 60 60 60 60 150
16 150 60 60 60 60 150
17 150 60 60 60 60 150
18 150 60 60 60 60 150
19 150 60 60 60 60 150
20 150 150 150 150 150 150] ;
21
22 — image3 = [150 150 150 150 150 150
23 150 80 80 80 80 150
24 150 80 80 80 8O0 150
25 150 80 80 80 80 150
26 150 80 80 80 8O0 150
27 150 80 80 80 80 150
28 150 80 80 80 8O0 150
29 150 80 80 80 80 150
30 150 150 150 150 150 150] ;
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Solution: MATLAB Program

42 — n=3;

43 — for i=1:9 —

44 — E for j=1:6

45 — £1((i-1)#6+j) = imagel(i, j) ;| C Training D

el £2((-1)%6+3) = image2(i. 7). o onvert Training Data
. N o into Vectors.

47 — f3((i-1)%6+j) = image3(i, j);

48 — - end

49— “end _’

90 — f1 = f1'; % Change to column vector

Til|= f2 = 2’ ; % Change to column vector

52 — f3 = £f3’; % Change to column vector

23

H4 — mu f = (1/n)*(f1+f2+f3); % mean of three columns vectors

hH — disp(mu_f’);

b6 — el i fl —mu f; % error vector from %mage 1 Compute Three

27 — e2 = f2 —mu f; % error vector from image 2

28 — e3 = f3 —mu f; % error vector from image 3 Error Vectors

H9 — variance f = (1/n)*(el *el+e2 *e2+e3’ *e3) ;

60 — sigma_f = sqrt(variance f)
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Solution: Results

mu_f =

Elements 1 to 17

150 150 150 150 150 150 150 60 60 60 60 150 150

60 60 60 60

Elements 18 to 34

150 150 60 60 60 60 150 150 60 60 60 60 150

150 60 60 60

Elements 35 to 51

60 150 150 60 60 60 60 150 150 60 60 60 60

150 150 150 150

Elements 52 to 54

150 150 150 _i —_— t —_
| 2afz(f ure) - (f—ug)

sigma_f =

86.4099
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Summary of Lecture 3

Principle of Cognition (Learning)

* Principle of Artificial Neural Network

* Principle of RCE Neural Network

» Cognition of Colors
Cognition B
— 8o
« Cognition of Curves oot 25
£=
. Recognition
« Cognition of Pattern 9
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Outline of Module 4

» Lecture 4:
— Recognition-Driven Computation
Cognition B
———— 8o
£8
o
Recognition
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School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Lecture 4 of Module 4

Al 3.0
MA4829 Machine Intelligence

Recognition-Driven Computation

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?
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Outline of Lecture 4

« Principle of Recognition (Understanding)

«  Principle of Artificial Neural Network |

-
9
_ 2
3
* Principle of RCE Neural Network |
« Recogniton of Colors
« Recognition of Curves
« Recognition of Patterns Cognition -
> o3
£2
 Practices in MATLAB » o
Recognition
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Outline of Lecture 4

« Principle of Recognition (Understanding)

|

Revision

Cognition B
- _8 )
£2
o
Recognition
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Recognition enables autonomy ...

Hardware and low level control by SRC

High level control.& grogr ammlng by RTR
£ £ 4.
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About Knowledge

Physical World

Flow .
Object Flow I Knowledge Flow
Systems A | Dynamics
Entities I Interactions
I
Materials I Causalities
Molecules : Constraints
I
Atoms I Properties
| .
Particles | Signals
\ Energies v I Energies J
Copyright é Ming XIE
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How to recognize or understand conceptual knowledge?

Answer: —

Machine Intelligence

The mental

capability of 0 O \ o o 5 2 o 2
transforming visual %’% é’ 2 o %’% __ Artificial
signals into 3 5 S S B Intelligence
knowledge. s S L g 8 cg
4
Such mental : :
capability includes Computer-Aided Intelligence —
visual cognition Human Inte”igence
and recognition. Natural Sciences Social Sciences
Knowledge Human
Properties Constraints >’| telli
What is conceptual world? Conceptual Worlds nietiigence
‘? Human Languages
What is physical world? Physical World _

Copyright @ Ming Xie
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Scenario of Visual Recognition

Cognition * Re-cognition
- e
Teacher: This is a blue color. Teacher: What is this color?
Machine: Got it. It is a blue color. Machine: It is a blue color.

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



Nanyang Technological University

What is recognition in general?

* Recognition is to re-cognize anything which is known before.
Recognition has to be unsupervised.

 What is this place?
* What is the building in the foreground?
* What is the building in the middle of the background?
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Nanyang Technological University

Definition of Recognition

Definition Similar Terms

 |tis a mental process * Symbol Grounding

of cumulatively
remembering familiar - Pattern Matching

knowledge about
familiar entities. « Unsupervised Classification
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What to recognize from visual
signals?

« Photometric Knowledge of Entities from the Physical World
— Luminance-related Appearances
— Chrominance-related Appearances

« Geometrical Knowledge of Entities from the Physical World
— Points B
— Lines
— Curves
— Shapes
— Surfaces
— Objects

Exploded Drawings, etc.

P e
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Terminology Alerts

* Objects
— Objects are the entities inside the physical world.

* [mages
— Images are the projections of scenes onto cameras.

« Colors
— Colors are the coordinates inside a color space.

* Curves
— Curves are the linked edges inside a digital image.

« Patterns
— Patterns are the shapes or outlooks of individual objects.
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How to recognize familiar and meaningful
features from visual signals?

« Step 1: Detection of familiar
and Meaningful Features

« Step 2: Grouping of Familiar
and Meaningful Features into
Networks

« Step 3: Unsupervised
Classification of Feature
Networks
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How to Design Visual Recognition Systems?
* Follow this generic blueprint ...

4 )

; New and Meaningful / : \
Teaching § Supervised |, Feature Netwolrks Reference Objects

Trainin
9 Detection/Grouping

| o iy

N— -
Concept-physical ‘ |

Representation of
Physical Entities
S— -

4

.

Images

R n : Detection/Grouping
< esponse Unsupervised |_ !
Classification Familiar and Meaningful _
Feature Networks \Actual ObjeCtSJ
Conceptual Worlds Physical World
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What is the difference between
cognition and recognition?

Cognition Re-Cognition

Feature Detection and Grouping Feature Detection and Grouping

Knowledge Representation Knowledge Representation

Teaching/Learning Symbol Grounding or Matching

Memorization inside Memory Output of Response

Teach Once and Use Forever Long lasting unsolved challenge in Al
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Comparison between Cognition of Face
Images and Recognition of Face Images

i I
|
|

. Response :

. | ViSUd :
Recognition :

:

|

|

|

Input Image Feature Feature Unsup.e.rvis.ed
Image —_ Sampling Detection Grouplng Classification

Samples of Faces Feature Detection Visual
For Training and Grouping Cognition

N

Database of
Learnt Faces
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What are solutions underlying
recognition of ...

Colors

Curves

Patterns

Products

etc?
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Answer: to connect physical world to conceptual
world (Feature Extraction - Symbol Grounding)

« Key Steps Involve Use of 2D-Model-Based Cognition and Recognition:
— Pattern/Object Detection Followed by Categorization
— Pattern/Object Detection Following by Identification

Sample Regression

N Predictor
(e.g., ATF NN)
Image v ﬁ Knowledge
Flow Image Sample Learning/ Flow
5 N ot > . MUX >
Sampling \fggtog:\lz\?ﬂg{‘ Understanding
P T
Remaining Matchmaker
Challenge (e.g., RCE NN) NN : Neural Network
Sample Grouping ATF : Artificial
RCE : Restricted Coulomb
Note: We advocate KnowNet which is a knowledge network. CNV: E;gi:,géuuona
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Outline of Lecture 4

«  Principle of Artificial Neural Network |

|

Revision

Cognition B
- _8 )
£2
o
Recognition
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History of Artificial Neural Network (ANN)

« Warren McCulloch and Walter Pitts (1943): Often cited as the original
inventors of the first computational model for neural networks. They
published "A Logical Calculus of the Ideas Immanent in Nervous
Activity," which proposed a simplified mathematical model of a biological
neuron (the McCulloch-Pitts neuron) capable of performing logical
functions.

« Frank Rosenblattl'l (1958) created the perceptron, an algorithm for
pattern recognition.

« The first deep learning multilayer perceptron trained by stochastic
gradient descent was published in 1967 by Shun'ichi Amari.

« Backpropagation is an efficient application of the chain rule derived
by Gottfried Wilhelm Leibniz in 1673.

« The origin of the Convolutional Neural Network (CNN) architecture is the
"neocognitron” introduced by Kunihiko Fukushima in 1980.
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Definition of Artificial Neural Network

» An artificial neural network is an associative memory of values for
the representation of a system of linear equations.
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Property 1 of Artificial Neural Network

* An artificial neural network is a solution for the implementation of the
convolution between an input and a filter.

Input .| Filter [ —> Output

 Whatis a filter?
— Afilter is a selector of feature or knowledge.
— A filter is better to be the outcome of top-down design.
— A filter could be the outcome of bottom-up optimization.
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Example of Image Convolution

« Convolutional Neural Network (i.e. CNN)

Image
_ _ _Image_
alb|cid >@—> 21|22
z3|z4
e|flgyh qlr|s
1R tluly | Output’s Image
m n; O | p W X 'Y |Fiters Image 1. Input Image 1 *v) ’
2. Sub-image of Input Image 1
InpUtSImage 3. InputImage 2
R | =AW x 6T+ B)
out ! (22) c ) C ) 1
G | ///l@\\\_ ______________ E A(x)is:y =+/x Xx or
y=Xx
0
s G G G . G - Y s Lo gy — e

@@G@@GO@QGGG@QQO
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Property 2 of Artificial Neural Network

* An artificial neural network is a solution for the implementation of a system
of equations which represent the boundaries inside a knowledge space.

* An artificial neural network is better to be the outcome of top-down design.

* An artificial neural network could be the outcome of bottom-up optimization.

Image Primitives Feature Grouping
/ /| L7
| ]
4 Matrix of Pixel
atrix o IXels Line Segments Areas

Meaningful Data

> <

<

Object
Cognition/Recognition

Object
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Example of Boundary Representation

* Representational Neural Network (i.e. RNN)

’_p1=a1x+b1y+C1Z+d1
D2 =a2x+b2y+C2Z+d2

Pn = anX + b,y +cpz+d,

—

A(): Activation Function

output = A(input)

MIMO = Sum of MISO
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Popular Activation Functions:

« SoftPlus Function: { X={x;,i=12,..,n}

AX) = {In(1 + e%),i =12, ..,n} i >

Xi

e
A(X) = {n—x’l = 1,2, Tl}
i=1€""

« SoftMax Function: { X={x;i=12..n}

« Sigmoid Function: { X={x;,i=12,..,n}

AX) = (T, 1 = 12,1}
* RelLU (Rectified Linear Unit):
{ X={x;i=12,..,n}
A(X) = {max(0,x;),i = 1,2, ...,n} 1
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Property 3 of Artificial Neural Network

» An artificial neural network is a predictor or classifier which could tell
the identity and/or category of given physical knowledge.

* An artificial neural network is a solution to the symbol-grounding
problem in Al.

A(): Activation Function

—1,if input <0
A(input) =< 0,if input =0
+1,if input > 0

\ 4

{belong, not belong}

MIMO = Sum of MISO
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What is deep neural network?

« |tis a cascaded artificial neural network which integrates artificial neural
network’s computational power and prediction capability together.

———————————————————————————————————————

P mm mm mm mm mm mm mm mm mm mm mm mm mm mm Em Em Em Em Em mm mm Em mm mm mm mm Em mm Em Em Em Em mm e e e wd

“—> Input ——»| Filter [ —> Output
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Details of Deep Neural Network

(output = symbol with belief) A(X):SoftPlus,SoftMax, Sigmoid, etc

Feature Vector at Layer O: Deep neural network

i Input layer Multiple hidden layers Output layer
Input = FO = {fo’i,l = 1,2, ,m}

Feature Vector at Layer 1: foa
F; = A(Wy X Fy + Bg)

foz2 ._A\QA )\ X ALK O
Feature Vector at Layer k: M, y
Va% vav Va% O

fo,i . f
Feature Vector at Layer n: N
Fp=AWp_q X Fy1 +By1) fO,m

Conceptual Meanings at Output:
Belief = {[belief;, possibility;(F,)],j = 1,2, ..., L} MIMO

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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History of RCE Neural Network (RNN)

 Leon N. Cooper (né Kupchik; February 28,
1930 — October 23, 2024) was an
American theoretical o
physicist and neuroscientist. He won HOW WE REMEMBER:

TOWARD AN
UNDERSTANDING OF

the Nobel Prize in Physics for his work G ERAINAND
on superconductivity. Cooper developed the =
concept of Cooper pairs and collaborated
with John Bardeen and John Robert
Schrieffer to develop the BCS

theory of conventional superconductivity. In
neuroscience, Cooper co-developed the BC
theory of synaptic plasticity.

» Restricted Coulomb RCE Neural Network
was developed by a team led by Leon N.
Cooper in the late 1970s.

= "' ) WIKIPEDIA ‘ Q_ Search Wikipedia
» The Free Encyclopedia

Search results

Q, RCE Neural Network

Advanced search:

« Some modified versions of RCE Neural | searchin: (e X)
Network was developed by T. Olmez et al Research Results on 2025.12.21
. The page "RCE Neural Network" does not exist. You can create a draft and submit it for
(1993) and M. Xie et al (2003).

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of RCE Neural Network

A RCE neural network is an associative memory of vectors for the
representation of a knowledge space.

R
0
)
= | R
C esponse
>
">
)
0
C
o
o
/)]
Q
nd
Full Type of | Exclusive Type l
Connection | " of Connection |
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Property 1 of RCE Neural Network

 RCE neural network is a vectorized neural network which has three layers.
« Each layer consists of a list of knowledge vectors. The weighting coefficient
at each link is 1.

» « Between the input layer and middle layer (also called prototype layer), the
connection among the node is full-type of connection.

* Between the middle layer and output layer, the connection among the
nodes is exclusive type of connection.

Full Type of Exclusive Type
Connection LI of Connection
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Property 2 of RCE Neural Network

* RCE neural network is a MIMO system which could be represented as:
— Sum of MISO
— Sum of SIMO
— Sum of SISO

» * Hence, RCE neural network represents a knowledge space which supports
incremental learning.

Full Type of | Exclusive Type
Connection 1 LRI of Connection

U U |
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Illustration of Property 2:

. MIMO = Sum of SISO Incremental Learning

Output Layer Vector
« RCE NN is an ideal system!
Middle Layer Vectors
Input Layer Vector
= I BN DN D D DN DN D DN D DN B B e .
=
Output Layer Vector
Input Layer
Middle Layer Vectors
MIMO = Sum of MISO
Input L Vector
MIMO = Sum of SISO e
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Property 3 of RCE Neural Network

« [Each vector at the input layer is a feature vector which could be
represented as:

Vini = Winipl =12,..}

Could be incrementally increased

« Output from each node of input layer is its feature vector.

Full Type of ! Exclusive Type
Connection L " of Connection
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Property 4 of RCE Neural Network

« [Each vector at the middle layer (also called prototype layer) is
knowledge vector which could be represented as:
Vmid,j = {vmid,j,l,l = 1,2, } = {,u 2> Pj» conceptual labels, others}

/
wj: mean of training inputs =12 | _
%;: co-variance of training inputs o From Teachers/Trainers

Full Type of ! Exclusive Type
Connection L " of Connection

Knowledge Space
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Property 5 of RCE Neural Network

* Output from each node of middle layer is a possibility value:

Vmid,j = {vmid'j,l,l = 1,2, } = {,u 25> Pj» conceptual labels, others}

. means of training inputs » _1(vinl —y ) =7 (i i—it))
Z;: co-variance of training inputs '

Full Type of ! Exclusive Type
Connection L " of Connection

Knowledge Space
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Property 6 of RCE Neural Network

« QOutput from each node of output layer is the copy of the selected node from
the middle layer:

Vmid,j = {vmid'j,l,l = 1,2, } = {,uj,Zj,pj, conceptual labels, others}

1
p} — e—i(vin,L Hj ) 2 (Uml ﬂ]) » V]’ vout,k= vmid,jr lf p] = max

Knowledge Space

Full Type of
Connection

Exclusive Type
of Connection
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Property 7 of RCE Neural Network

« RCE neural network is a representation of knowledge space which is
incrementally enriched by cognition or learning.

* RCE neural network is also an engine for knowledge recognition, which

behaves like a sum of SISO systems. .
Use of Programming Language

v

Vk, Rrepiy= S(Wour k), If Pr = max S( ): Any function of synthesis

| D

I (7p]

)

| c

> I = Response
I >
Y=

I (]

"B [ | (7))

I cC

| o

@ i §

7p]

[ Q

I nd
Full Type of | Exclusive Type l
Connection | " of Connection |
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Example of Doing Recognition of
Colors in Quality Control ...

Overcooked

Normally Cooked

Quality Control of Food
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Expected Outcomes from Recognition ...
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Solution Toward Cognition and Recognition of
Colors

Digital
Image

Step 1:
Sampling of Color Pixels

Y

Pixels with

Colors
Y
Step 3a: Feature Step 2:
Supervised Training Vectors Color Representation

Cognition

::I Step 3b: :
‘ KnowNet\ Database P s Recognized

:> of Learnt Colors Unsupervised Classification Colors

Recognition
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Input 1: Any Image at Input

Images as 2D Matrices Data Structure of Pixel
« Image with Colors Inside typedef struct
, {
short r,qg,b,1I;
short L,a,b;
short u,Vv;:
double Xx,vy, z;
}
Pixel;

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



Nanyang Technological University

Input 2: Trained RCE Neural Network

« RCE neural network which has been trained by color cognition

Vimid,j = {,ua, Up, Og, Op, D}, cOlor_name, others}

()
S
Samples @ &
from — §3
Teachers . u . . 1;
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection

1

~——
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Output

Images as 2D Matrices Data Structure of Pixel
« Image with Recognized Colors typedef struct
{
short r,g,b,1;
short L,a,b;
short u, Vv;

double x,vy, z;
string  color_name ;
double feature vector||;

Pixel;
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Question

* How to recognize or understand the color that a
pixel inside an image belongs to?

Use of Programming Language

v

Vk, Rrepiy= S(Wour k), If Pr = max S( ): Any function of synthesis

Knowledge Space
Colour 9 P '
d,1 —1—>
| D
! O
@ : = Response
. > | (e p
I >
Y=
! P
" n I C
| 8
v ' 7
mid,j 1 o))
I Y
Full Type of | Exclusive Type l
Connection | = of Connection |
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Step 1: To obtain visual samples (case of
colors) from input image ...

e Scan input image row by row and column by column.

Blue Component Image

| 2D Matrix
\ .

Green Component Image

.
e
o
. e,
Y
b

(2D Matrix i
\
Red Component Image \

® Color Vector at a Pixel

\ Feature Vector at a Pixel

| 2D Matrix
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Step 2: To represent a color by a vector

» At each location of input image, represent the pixel by a vector in a
color space such as:

Blue

VM ME ML NN

Green Red

RGB Color Space

White
L*

Yellow

Black

L*a*b Color Space
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Step 3b: To determine output

» First, compute the possibility value at each node inside the middle layer of the
trained RCE neural network.

« Subsequently, determine the output of color name which corresponds to the

maximum value among the above-computed possibilities. Use of Programming Language

v

Vk, Rrepiy= S Wout k), If pr = max S( ): Any function of synthesis

Colour Knowledge Space I
\ vmid,l @ —_—

Response

=

Response Synthesis

Full Type of
Connection |

Exclusive Type
of Connection
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Step 3b (continued): To determine output

* Finally, synthesize the response using a natural language.

Vk, Rreply: S(vout,k)r if pr = max

Colour

Use of Programming Language

v
S( ): Any function of synthesis

Response

=

Full Type of |
Connection |

Exclusive Type
of Connection

Response Synthesis
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Simplified Example ...

« Scan an input image row by row and column by column.
* At each location, compute the color vector: (L, a, b).

 Then, compute the possibility value at each node inside the middle
layer of the trained RCE neural network:

a— Iia)z

_ ( 1b— Mb)z
pk(atb)_e 2% oq

X e 2( op ° k=1,2,..

« Subsequently, determine the color name with the maximum value

among the above-computed possibilities: — Lower Limit of

Poax = max{p,(a,b), k =1,2,..}, if Bgx > Pnin Prax

» Finally, synthesize the response using a natural language.

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

« We pinpoint a location on an image. lts RGB value is (40, 40, 200).
What is the possibility for it to belong to blue color?

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

17— onergh = [40 40 200];

18 — onexyz = rgbtoxvz¥onergh :

19 — onelab(1) = 25.0%(100. O%onexyz (2) /xyz_max(2)) (1/3) - IGLO;

20 — onelab (2) = 500. 0%[ (onexyz (1) /xyz max(1)) (1/3) — (onexyz(2)/xyz max(2)) (1/3)];
2l f— onelab (3) = 200. 0%[ (onexyz (2) /xyz max(2)) (1/3) — (onexyz(3)/xyz max(3)) (1/3)];
22 — pos = exp(—0. 5% ((onelab(2)-Lab mean(2))/Lab st(2)) 2) :

23 — pos = poskexp (0. 5% ((onelab(3)-Lab _mean(3))/Lab_st(3)) 2);

24 — onergb

i onelab

26 — possibility of blue color = pos

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



Nanyang Technological University

Solution: Results

onergh =

40 40 200

onelab =

04. 8381  23.2977 -59. 0676

possibility of blue color =

0. 9480

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Doing Recognition of
Curves

P/N 7788b2- Buffer 0, Channel 0

Quality Control of Machined Parts




Expected Outcomes from Recognition ...

Input of Edge Pixels Output of Polygons
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Solution Toward Cognition and Recognition of
Curves

Digital
Image

Challenge

N

Step 1:

Edge Detection and Linking

Step 3a: Feature Step 2:
Supervised Training Vectors Curve Representation
Cognition <::I
= = A
‘ KnowNetI :> Database | Step 3b: _/ Recognized
Recognition of Learnt Curves I Unsupervised Classification Curves
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Input 1: Any Image at Input

Images as 2D Matrices Data Structure of Pixel
« Image with Curves Inside typedef struct
{
short r,qg,Db,I;
short L,a,b;
short u, v;
double Xx,vy, z;
}
Pixel;

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Input 2: Trained RCE Neural Network

* RCE neural network which has been trained by curve cognition

Vimid,j = {a, b,o,p j, curve_name, others}

()
S
Samples @ &
from — §3
Teachers . u . . 1;
(@)
c
X

Full Type of | Exclusive Type
Connection :_ = of Connection

1

~——
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Output

Images as 2D Matrices Data Structure of Pixel
« Image with Recognized Curves typedef struct
{
short r,g,b,i;
short u,v;
double x,vy, z;
string curve_name;
double feature vector|];
}
Pixel;
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Question

 How to recognize or understand the curve that a
pixel inside an image belongs to?

Use of Programming Language

v

Vk, Rrepiy= S(Wour k), If Pr = max S( ): Any function of synthesis

Knowledge Space I
d,1 —|—
| R
I (7p]
)
| c
. > I = Response
I >
Y=
I (]
"B [ | (7))
I cC
| o
I o
7p]
I nd
Full Type of | Exclusive Type l
Connection | " of Connection |
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Step 1: To obtain visual samples (case of
curves) from input image ...

The general approach consists of two steps:

 Edge Detection Color Image - Edge Image - Edge Samples

« Edge Linking

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to transform color
image into edge
image?

« Edge Detection Algorithm:

Step 1: Compute Horizontal Edges.

Step 2: Select the local maxima along the vertical axis
as the edge pixels.

Step 3: Compute Vertical Edges.

Step 4: Select the local maxima along the horizontal axis
as the edge pixels.

Step 5: Combine all the edge pixels to form the output.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Sample Program of Doing Edge Detection ...

}loid EdgeDetection(void)

Set Background to be White

int i,j,v; ﬂn/

+1] +1f +1
/I Compute Horizontal es .
memselt)gngufferl, 255, 5%2*512) ; * o]o |o | Ideal horizontal edge
for(i=1;1<511;it++) RIEEE

0 (.] 1 9.' < 511 7.] )

v = abs(gpBuffer0[(i . :
) %%Buffero it1)*512+ - ggBuffer 1)*512+] - gBufferO[(i+1)*512+)+1
if (v>=255) gpBufferl[i*51 +f =0; _ . o
if (v > 35 && v < 255) gpBufferl[i*512+j] = (unsigned char) (255 - v) ; // change it to minimum
J
%electMaximaAlongColumn() ; // select local minima \ Negative Edge Map
. +1] 0]-1
/I Compute Vertical Edges .
mem_setggp_BufferZ, 255, 512*512) ; % +1| o|-1| Ideal vertical edge
for(1=1;1<511;1++) Tl ol

for(G=1;j<511;j++)
Ei-13*512+j-11] + ngufferOKi}*512+j-l + ngufferO[gng*SlZJrj-ll] -

v = abs(gpBuffer0[(i 1 1
) %BufferO 1-1)*512+)+1] - gBBufferO 1)*¥512+)+1] - gpBuffer0[(i+1)*512+)+1]) ;
if gv >=1255) gpBuffer2[i*5 243 =0; ) . o
if (v> 35 && v <255) gpBuffer2[i*5 1Q+J] = (unsigned char) (255 - v) ; // change it to minimum
% }
electMaximaAlongRow() ; // select local minima \ Negative Edge Map

// Display Horizontal Edges
// Display Vertical Edges

/I Combined Edgema;g

memsetgngufferO, 255, 512*512) ;

for (1= ;1<512*512;1++8 ] ) ) o

if (gpBufferl[i] == 0 || gpBuffer2[i] == 0) gpBuffer0[i] = 0 ; // combine local minima

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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static SelectMaximaAlongColumn()
{
int 1,j,V;
unsigned short temporaryBuffer[512*512] ;

// step 1: smoothing in vertical direction
memset(temporaryBuffer, 255*5, 512*512) ;
for(1=2;1<512-2;1++)

for(=0;j<512;j++) // compute weighted sum

temporaryBuffer[1*512+j] = 1*gpBuffer1[(i-2)*512+j] +
2*gpBufferl[(1-1)*512+]] +
3*gpBufferl[1*512+j] +
2*gpBufferl[(i+1)*512+)] +
\ I*gpBufferl[(i+2)*512+]] ;
}

/I step 2: select local minima in vertical direction
memset(gpBufferl, 255, 512*512) ;
for(i=2;1<512-2;1++)

for(g=0;j<512;j++)
{

v = temporaryBuffer[i*512+] ;

if ( v <temporaryBuffer[(i-2)*512+]] &&
v < temporaryBuffer[(i-1)*512+j] &&
v < temporaryBuffer[(i+1)*512+]] &&
v < temporaryBuffer[(i+2)*512+])

gpBufferl1[i1*512+j] = (unsigned char) 0 ; //use 0 as minimum value
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static SelectMaximaAlongRow()
{ . .
int 1,j,V;
unsigned short temporaryBuffer[512*512] ;

// step 1: smoothing in horizontal direction
memset(temporaryBuffer, 255*5, 512*%512) ;
for(1=0;1<512;1++)

for(=2;3<512-2;j++) // compute weighted sum

temporaryBuffer[1*512+j] = 1*gpBuffer2[1*512+j-2] +
2*gpBuffer2[1*512+)-1] +
3*gpBuffer2[i1*512+)] +
2*gpBuffer2[1*512++1] +
\ 1*gpBuffer2[1*512++2] ;
b

// step 2: select local minima in horizontal direction
memset(gpBuffer2, 255, 512*512) ;
for(1=0;1<512;1++)

for(G=2;3<512-2;j++)
{

v = temporaryBuffer[i*512+]] ;

if ( v < temporaryBuffer[i*512+}-2] &&
v < temporaryBuffer[i*512+]-1] &&
v < temporaryBuffer[i*512+j+1] &&
v < temporaryBuffer[i*512+j+2])

gpBuffer2[i1*512+j] = (unsigned char) 0 ; //use 0 as minimum value

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Vertical Edges Horizontal Edges
Exampleof
Results SRRl DI
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How to transform edge image into edge
samples?

Main idea of doing edge linking:

e Scan input image of edges.

» If edge pixel at (i,j) is unlabeled, label it and define it as the currently
labeled pixel.

* From the eight neighboring locations of (i,j), choose an edge pixel
according to a user-defined condition (e.g. nearest to the center of
unlabeled edges within a window).

— If such a pixel exists, label it and define it as the currently-labeled
edge pixel, and repeat the procedure;

— Otherwise, a sample curve has been traced (i.e. found) and
labeled.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Illustration of Linked Edges (i.e. Curves)

0 1 2 3 4 5 6 7 8 910 11 o t 23 45 6 7 8 9 101l
0 255 o5 1255 |25 Ioss s Loss 1255 Bss Joss [ 255 Joss 0 |255 |255 [ 255 |255 |255 |oss |2s5 | 255 pss 255 | 255|255
BsTo Tolo o sl slzs o o |2 |2 tless) o | o] 1 J2ss|ass|ass|ass| 2 | 2 [2s5]2ss
21255 o |255]255| o |255]255| o ss |255] o |2ss 21255) 1 |255)255| 1 |255]255) 2 |255) 255 2| 255

3l2ss | o |2s5)2551 o 125502551 o 1255 |25 o |255 31255 1 J 2550255 1 |255)255) 2 | 255 255) 2 | 255

42ss| o |2ss|2ss| o [2ss|2ss| o |2ss|2ss| o [2ss Edge Linking ol il I Sl sl I sl il I sl sl I s

5|2ss| o |2ss|2ss| o |2s5] 2s5]2ss] 0 | o |2s5)255 . S|255f 1 |2ss)2ssf 1 |255) 255 255) 2 | 2 f255]255
or Tracing .

6 [2551 0 Vass D 2ssl o lass | 255|255 1255 | 2550 2ss | 255 ass| 1 |2ss|2ss| 1 [2ss | 2ss|2ss |2ss | 255|255 | 255
7

725500 To 1o 1o 12ssl 255l 259 2551 2550 2551 255 assfass| 1| 1 [2s5| 255|255 | 255 255|255 [255 | 255
8

8| 2551 255 2551 255255 1255 255 | 255 1255 | 2551 255 1255 255] 255 | 255) 255255 | 255 255 | 255 | 255 | 255|255 |255
9

9 5551255 [ 255l 255 Doss |ass [ass | 2ssboss Lass | asslass 255|255 | 255|255 | 255 |255 | 255 | 255|255 | 255 | 255] 255
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255'255 255 255255 255255
. . .

2550255 0 | o J255f 2550255

n Edge Linking Algorithm ...

255 0 [f255 §255§255 0 255

255 0 {255 2554255 0 §255

255025541 O f O § O §255§255

Step 1: Initialize the |label map and set the label variable to 1 (n = 1).

Step 2:  Scan the edge map row by row and column by column.

Step 3:  If encounter an unlabeled edge-pixel, define it as the current edge-pixel.

Compute the estimated center of unlabeled edges within a window

which is centered at the current edge-pixel.

Step 4:  Assign the label “n” to the current edge-pixel. Now, this edge is labeled.

Step 5:  Find all the unlabeled neighbors around the current edge-pixel.

If there is no unlabeled neighbor, a curve has been found and go to Step 7.

Step 6:  Among the unlabeled neighbors, choose the one which is the nearest edge to the
estimated center. Define it as the new current edge-pixel.
Repeat Step 4, Step 5 and Step 6.

Step 7:  Increment the label (n = n + 1) and continue from Step 2.

Xie M. and Thonnat M. 1992, An Algorithm for Finding Closed Curves, Pattern Recognition Letters, Vol. 13, No. 1, pp. 73-81.
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S a m p I e P rog r a m /* assuming that the pixel values of all the edge pixels are “0” */

unsigned char edgemap F 12*5 12% ;

Of DOi ng Edge unsigned char labelmap[512*512] ;
= = static int CX, CY ; /* the estimated center of unlabeled edges */
LI |1 kl n g Y static int newx, newy ; /* the location of next “current edge-pigxel” */
static double min_distance ;
static int SX, SY ;

static void ComputeCenter WithinWindowAt(int x0, int y0)

Edgemap

/* update the center’s coordinates (pcx, pcy) */

2550255255 §255 §255 J255|)255 }
25502550 0 [ o [255] 255)255 . . . A .
T ol static void VerifyNextUnlabeledEdge(int x, int y)
2550 0 42552554255 0 |255 . . o, .

= I S B S S /* verify the neighbor whether it is the nearest one to (pcx, pcy) */
25542554 O § O 0 J255[1255
25* 2554255 2554255 25501255

static void LinkEdge(int x, int y, int n)

/* recursively link the edge-pixels */

main(int argc, char **argv)

int x, y,n;

Labelmap , ,
n=1; sx=10; s%r= 10 ; // set the size of window to be 10x10
255]2ss]pss [oss |ess [ss Jess memset(labelmap, 255, 512*%512) ; // clear the content of labelmap
25501255 255255 § 2554255 § 255
2550 255[255 |55 255 |55 [255 for(y=1;y<5l1l;yt++)
2552550255 |pss 255 [ 255255 for (X =1;x<511;x++
2esspss pss s sspess if (edgemap[y*512+x] == 0 && labelmap[y*512+x] == 255)
2550255 255 255 § 2554255 255 {
25y 25spsspassyess] 2ssfss ComputeCenterWithinWindowAt(x, y);
LinkEdgeAtCurrentLocation(x, y, n) ; // do edge linking
n++ ;
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?tatic void VerifyNextUnlabeledEdge(int x, int y)

double distance ;

// the candidate must be unlabeled edge

if (edgemap[y*512+x] != 0 || labelmap[y*512+x] !=255)
return ;

distance = sqrt((cx - X)*(cx - x) + (cy - y)*(cy -y)) ;
if (distance < min_distance)

min_distance = distance;
newx =X ;
newy =y,

Edge Map Label Map

255]255]255 255|255 J255 o ss 255255255 255255 [ 255 foss
255f2s55f o [ o J2s55] 255255 255][255 | 255255 [ 255][255 [ 255
259 0 fzss2ss] o [255)255 259 255255 ]pss [255|pss [2s5
259 0 255255255 o [255 259255255 ]pss [255 ][ 255255
259 0 [2ss][2ss[ss[ o 255 259 255255 ]pss [255 ][ 255255
255255 ol o | o J25s]2s5 255§255 255 J255] 255[|255] 255
259 259 255] 255]255] 2554255 259 255)255] 255]255] 255]255

static void ComputeCenter WithinWindowAtCentre(int x0, int y0)

int r,c,n;
// use unlabeled edges to compute the center inside window
cx=0;cy=0;n=0;
for (r=-sy/2 ; r <sy/2 ;r++) //ris the increment of row index
// ¢ 1s the increment of column index
for (c =-sx/2; ¢ <sx/2 ; ct++)
if (edgemap[((yOJrr)*S 12+x0+c] = 0 &&

{ labelmap|(y0+r)*512+x0+c| == 255)
cx=cx+x0+c;
cy=cy +y0+r;
n=n+1;
if (n !1=0)
cx =cx/n;
cy =cy/n;

static void LinkEdgeAtCurrentLocation(int x, int y, int n)
labelmap[y*512+x] =n; /* assign label to the pixel */
min_distance = 1000000.0 ;

// what should be the next edge to be linked?

VerifyNextUnlabeledEdge(x-1, y-1) ; // neighbor 1
VerifyNextUnlabeledEdge(x, y-1) ;  // neighbor 2
VerifyNextUnlabeledEdge(x+1,y-1); // neighbor 3
VerifyNextUnlabeledEdge(x-1,y) ;  // neighbor 4
VerifyNextUnlabeledEdge(x+1,y) ;  // neighbor 5
VerifyNextUnlabeledEdge(x-1, y+1) ; // neighbor 6
VerifyNextUnlabeledEdge(x, y+1) ;  // neighbor 7
VerifyNextUnlabeledEdge(x+1, y+1) ; / neighbor 8

if (min_distance != 1000000.0)
LinkEdgeAtCurrentLocation(newx, newy, n) ;

(NOTE: This is called Dynamic Programming)
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What are the possible outputs
from the process of edge linking?

« Linked Edges from Line Segments

« Linked Edges from Curve Segments

« Linked Edges from Circles

* Linked Edges from Ellipses

* Linked Edges from Polylines or Closed Contours (e.g.
triangles, rectangles, polygons, etc)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 2: To represent each sample of linked edges

« Solution is to use a set of pixel coordinates: {(u;,v;),i = 1, ...,n}

0o 1 2 3 4 5 6 7 8 9 10 11

255 1255 | 255 | 255 |255 |255 255 | 255 R55 255 | 255|255

2551 1 |1 255255255255 2 | 2 |255(255

255 1 255255 ) 1 255255 2 |255) 2550 2 | 255

255 1 1 | 2550255 1 | 2550255 2 255 255) 2 | 255

2550 1 2550255 1 |255)255) 2 |255)255) 2 255

2550 1 2550255 1 | 255 255) 255 2 2 | 255]255

255 1 255 )255) 1 |255)255)255)255 | 255]255] 255

25502551 1 1 255 | 255255 | 255 255|255 |255 | 255

255] 255 255) 255255 | 255 |255 | 255 | 255 | 255255 |255

=T e Y T L =)

2551255 | 255|255 ]|255 |255 | 255 | 255|255 | 255 | 255] 255
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Step 3b: To determine output

«  For each pixel on a sample of linked edges (e.g., a line or a polyline),
— First, compute the possibility value at each node inside the middle layer of the trained RCE neural
network.

— Subsequently, determine the output of curve name which corresponds to the maximum value

among the above-computed possibilities. Use of Programming Language

, v
Vk, Rrepiy= S Wout k), If pr = max S( ): Any function of synthesis

Response

=

Response Synthesis

Full Type of Exclusive Type
"= Connection | " of Connection "
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Step 3b (continued): To determine output
* Finally, synthesize the response using a natural language.

Use of Programming Language

v

Vk, Rrepiy= S (Wout k), If P = max S( ): Any function of synthesis

Response

=

Response Synthesis

Full Type of
Connection |

Exclusive Type
of Connection
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Simplified Example
Do Edge Detection and Edge Linking.

« For each pixel of a sample of linked edges: {(u;,v;),i = 1,2, ...}

— Then, compute the possibility value at each node inside the middle
layer of the trained RCE neural network:

1 axui—vi+b)2
p.(u;,v;)) =e 4 oVita? * k=12, ..

— Subsequently, determine the curve name with the maximum value

among the above-computed possibilities:
— Lower Limit of

Prax = max{pk(uir vi)» k=1,2,.. }1 if Prax > Pnin Brax

* Finally, synthesize the response using a natural language.

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

 We scan an image row by row and column by column. When we are at
the location (100, 300), what is the possibility for this location to belong
to a learnt line in which (a, b,uy;) = (0.0836,290.1288, 2.5134)7?

WHF) RIEE) BEV) BAN) TAM SED) BOW) #EEH) »
ﬂﬁﬂé’é\\ﬂ[ﬁ\k[ﬁl
308
/ o k
> 306 |
u
304 -
O
302 -
d=a><u—v+b (100, 300)
2 300 -
F\ / Vvi+a
/ \\ 298
*(u,v) 296

294 T

292 r

290 —5 :
50 100 150 200
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Solution

1 axu —v+b 2

Pk(u;v) =€ G“1+a2 > Pk,min

MF(F) fRiE(E) BEE() BA() TR £E(D) sOW) #HEH) ¥
ﬁﬁﬂé“ﬂ@‘h[@
7= u = 100; v = 300;
18 — pos = exp (-0. 5% ((a*u—v+b) / (sigma*sqrt (1+a 2))) "2) ; 308 5 i
19 — possibility = pos‘ 306
304 -
o
302 -
(100, 300)
300 -
298
296 -
2947
possibility = 202 +
290 Lo *
0. 8364 50 100 150 200
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Outline of Lecture 4

C
o
.0
>
)
v
 Recognition of Patterns Cognition _
> _8 )
[72]
£3
Recognition
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Example of Doing Recognition of
Patterns in Quality Control ...

 EEERRRAREEEESESERERRZEE

TIL] VISION
RiOiF?‘[N %SHNIA}R

fERAANNNERERREREAREDEDE

Quality Control of Printed Characters
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Example of Doing Recognition of
Vehicles in Traffic Control ...

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Doing Recognition of
Human Faces in Security Control ...
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Expected Outcomes from Recognition ...
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Solution Toward Cognition and Recognition of
Patterns

Digital
Image

Challenge

N

Step 1:

Pattern Detection/Grouping

Y

Visual
Patterns
Y
Step 3a: Feature Step 2:
Supervised Training Vectors Pattern Representation
Cognition :
‘ KnowNet\ Step 3b:
" —> Database ./ Classes
Recognition of Learnt Patterns Unsupervised Classification of Patterns
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Input 1: Any Image at Input

Images as 2D Matrices Data Structure of Pixel
Image with Patterns Inside typedef struct

{
short r,qg,b,1I;
short L,a,b;
short u,v;
double Xx,vy, z;

}

Pixel:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Input 2: Trained RCE Neural Network

 RCE neural network which has been trained by pattern cognition

Vimid,j = {,uf, or, pj, pattern_name, others}

()
S
Samples )
from — §7
Teachers i;’
(@)
c
X

Full Type of | Exclusive Type

Connection :_ of Connection =

1
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Output

Images as 2D Matrices Data Structure of Pixel
* Image with Recognized Patterns typedef struct
{
short r,g,b,i;
short u,v;

double x,vy, z;
string  pattern_name;
double feature vector| |;

Pixel;

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

 How to recognize or understand the pattern that the sub-
Image at a pixel inside an input image belongs to?

Use of Programming Language

v

Vk, Rrepiy= S(Wour k), If Pr = max S( ): Any function of synthesis

Response

—

Sub-Image

Response Synthesis

Full Type of | Exclusive Type
Connection | = of Connection
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Step 1: To obtain visual samples (case of patterns)
from input image?

« Method 1: Thresholding (using intensities, colors, textures, motions, ...)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 1: Obtain visual samples (case of patterns)
from input image? (continued)
* Method 2: Bottom-Up Grouping (e.g., using feature vectors ...)

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

.sky - tree

B road .grass .water .bldg Bmntn [ fg obj.
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Step 1: To obtain visual samples (case of patterns)
from input image? (continued)
* Method 3: Top-Down Sampling (e.g., doing sub-divisions ...)

Image at t1

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



Nanyang Technological University

Step 2: To represent a sample pattern by a vector

* Increase the depth of visual pattern by doing Deep Convolution or
Fourier Transform.

« Convert the 2D matrix of pixels’ feature vectors into a single vector
which is called Apparent/Deep Feature Vectors.

Depth R / This series of values belongs
[~ to a pixel’s feature vector
y 4 y 4 4 y 4 y 4 yARAV 4 4
7 27 7 7 72?7 7 Y/
y 4 y 4 y 4 4 y 4 J 7 J 4 /] . .
Z | Size of visual pattern: N x M
vy
AU
q // ) Size of a Pixel's Feature Vector: L x 1
vdy%
. /
Height 1| | Size of a Pattern’s Feature Vector:

//’//
// (NXMxL)x 1

Width

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 3b: To determine output

» First, compute the possibility value at each node inside the middle layer of the
trained RCE neural network.

* Subsequently, determine the output of pattern name which corresponds to the

maximum value among the above-computed possibilities. Use of Programming Language

v

Vk, Rrepiy= S Wout k), If pr = max S( ): Any function of synthesis

Response

=

Sub-Image

Response Synthesis

Full Type of
Connection |

Exclusive Type
of Connection
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Step 3b (continued): To determine output
* Finally, synthesize the response using a natural language.

Use of Programming Language

v

Vk, Rrepiy= S (Wout k), Uf P = max S( ): Any function of synthesis

Response

=

Sub-Image

Response Synthesis

Full Type of |
Connection |

Exclusive Type
of Connection
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Simplified Example ...

Deep Vector

/

« For each detected pattern, represent it as a vector: {f;,i = 1,2, ...}

« Detect visual samples of patterns to be recognized.

 Then, compute the possibility value at each node inside the middle
layer of the trained RCE neural network:

1
——(fi—up)t (fi—ur)
p(f)=e 20" " k=12 ..

« Subsequently, determine the color name with the maximum value

among the above-computed possibilities: _— Lower Limit of

Pmax = max{pk(fl),k = 1,2, }, if Pmax > Pmin Brax

* Finally, synthesize the response using a natural language.

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

Exercise

150 150 150 150 150 150 150 60 60 60 60 150 150

« Given a learnt pattern ® @ w0
of “rectangle” with the
following mean vector o

and the variance of :>
distances to the mean 60 150 150 60 60 60 60 150 150 60 60 60 60

VeCtor: 150 150 150 150

Elements 52 to 54

150 150 150

 What is the possibility
for the image below to
belong to the learnt o 1 2 3 4 5
pattern of “rectangle”? I:> 1504 1501 150{ 150 | 150{ 150
150 70 70 70 1 70 | 150
150 | 70 70 701 70 | 150
150 | 70 70 70 1 70 | 150
150 | 70 70 70| 70 | 150
150 | 70 70 70| 70 | 150
150 | 70 70 70| 70 | 150
150 | 70 70 70 70 | 150
150 | 150 | 150 | 150 | 150 | 150

0 NO OOk~ WON-—=O
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S I - . 42 — n-=3;
O Utlon' 43 — for i=1:9
44 — E for j=1:6
45 — f1((i-1)*6+j) = imagel (i, Jj);
MATLAB PI‘OQ ram |s- £2((i-1)%6+3) = image2(i, i) For Cognition
47 — f3((i-1)*6+j) = image3 (i, 3J);
48 — f4((i-1)%6+j) = image4(i, j); €= For Recognition
49— - end
50— “end
51 — f1 = f1' ; % Change to column vector
52 — f2 = f2' . % Change to column vector
53 — f3 = f3' ;. % Change to column vector
54 — f4 = f4' . % Change to Column vector
55
56 — mu_f = (1/n)*(f1+f2+f3); % mean of three columns vectors
57 — disp(mu_f’);
58 — el = fl —mu f; % error vector from image 1
59 — e2 = f2 —mu f; % error vector from image 2
60 — e3 = f3 —mu f; % error vector from image 3
61 — variance f = (1/n)*(el’ *el+e2 *e2+e3 *e3) ;
62 — sigma f = sqrt(variance f)
63
64 — ed = f4 — mu f ;
65 — pos = exp(-0. 5% (f4—-mu_f)’ *(f4-mu_f)/variance f)
66

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution: 32—  image4 = [150 150 150 150 150 150
33 150 70 70 70 70 150
Results 34 150 70 70 70 70 150
35 150 70 70 70 70 150
36 150 70 70 70 70 150
37 150 70 70 70 70 150
38 150 70 70 70 70 150
39 150 70 70 70 70 150
40 150 150 150 150 150  150];

pos =

0. 8290

82.9% of possibility!
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There are other ways of doing implementations ...

« Forward Template Matching

* Inverse Template Matching

INPUT CONVOLUTION + RELU ~ POOLING  CONVOLUTION + RELU POOLING FLATTEN co:«l#grm SOFTMAX
. . - . * i
* Prediction/Verification Methods Deep Feature Detection and Grouping  Training and Classification
What tO USG'? 2 3500 Color Histogram : Blue
] T T T T
& 2500
S 200l
]
* Apparent/Deep Feature Vectors £ %8} |
= 0 50 100 150 200 250 300

2 2000 . (IZOIor Histog‘ram : Greerl1
- Histogram vector of colors/Intensities £ =
- Histogram vector of gradients Y Colorvistogram : Ret
» Histogram vector of textures, etc. 20 S e o

Bins
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Principle of Forward
Template Matching

* Input:
— Images with Patterns to be Recognized
— Templates (References) of Learnt Patterns

Two Templates

*  Output:
— Poses of Detected Patterns

*  Procedure:

— Create template-images at selected discrete
orientations.

— Divide an input image into a matrix of sub-
images, each of which has the same size of
template-image.

— Compute the dissimilarity between each pair
of sub-image and template-image.

— Output the ones with the minimum values of
dissimilarity.

Results of Template Matching

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Results ...
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Principle of Inverse
Template Matching
* Input:

— Image (i.e. original image)
— Template (i.e. original template)

e Output:
— Poses of Detected Patterns

*  Procedure:

— Consider an input image as a template and Divide it into a
matrix of so-called sub-template-images.

|

— Consider an original template as an input image and : . " :
Divide it into a matrix of so-called sub-input-images. — R R .. —

— Find the best matches between sub-template-images and ! !
sub-input-images. : _ :

— Connect the sub-template-images (from original input [T v
image) which match with the sub-input-images (from
original template image).

Template Image

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

Methods ...

» Bottom-up Strategy (e.g. YOLO Algorithm):
— Sliding Windows with Variable Strides
— Spatial Division

« Top-down Strategy:

— Prediction of one sample, two samples,
three samples ...

— CAR
— TRUCK
— VAN

’ 0 [] — BicYcte
INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING FLATTEN CO&:S:TED SOFTMAX
- o (e.g. YOLO Algorithm)
Deep Feature Detection and Grouping Training and Classification
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Outline of Lecture 4

|

Revision

Cognition B
e 8o
£2
« Practices in MATLAB ” -
Recognition
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Practice 1: Offline Face Classification

* clear all; clc; %% clear workspace and memory

. [file, path] = uigetfile('*.*', 'Select an image');
. imagefile = strcat (path, file);

* rgbimage = imread(imagefile);

. subplot(3,1,1) ; imshow (rgbimage):;

* grayimage = rgb2gray(rgbimage);

. subplot(3,1,2); imshow (grayimage) ;

. faceDetector = vision.CascadeObjectDetector () ;

» faceDetector.MergeThreshold = 5 ; %% you can change this wvalue

* Dboundingboxes = step (faceDetector, grayimage);

* faceimage = insertObjectAnnotation (rgbimage,

. 'Rectangle’,

. boundingboxes,
. 'Face') ;

* subplot(3,1,3);

* imshow (faceimage) ;

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Practice 2: Real-time Face Detection

. clear all; close all; clc;

. cam = webcam(2) ;

. rgbimage = snapshot (cam) ;

. imshow (imresize (rgbimage, 0.2)) ;

. faceDetector = vision.CascadeObjectDetector () ;

. faceDetector.MergeThreshold = 5;

. yes = 1 ; counter = 100; % counter change could be changed
. if yes ==

. while yes

. rgbimage = snapshot (cam) ;

. rgbimage = imresize (rgbimage, 0.2);

. grayimage = rgb2gray(rgbimage) ;

. boundingboxes = step (faceDetector, grayimage);
. faceimage = insertObjectAnnotation (rgbimage,

. 'Rectangle’,

. boundingboxes,

. 'Face');

. imshow (faceimage) ;

. counter = counter - 1;

. if counter ==

. yes = input ('Continue (1/0)"');

. end

. couter = 100; % each time, perform 100 loops.
. end

. end

. clear cam ; clear all;

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

« Principle of Recognition (Understanding)

«  Principle of Artificial Neural Network |

-
9
_ 2
3
* Principle of RCE Neural Network |
« Recogniton of Colors
« Recognition of Curves
« Recognition of Patterns Cognition -
> o3
£2
 Practices in MATLAB » o
Recognition
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Outline of Module 4

« Lecture 5: Cognition _
— Computation Using Monocular Vision aswrou 25
KnowNet >
£=
Recognition
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School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Lecture 5 of Module 4

Al 3.0
MA4829 Machine Intelligence

Computation Using Monocular Vision

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?
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Outline of Lecture 5

. Concept of Coordinate Transformation %
* Transformation from Scene to Camera Space

« Transformation from Camera Space to Image Space

« Equation of Monocular Vision
« Calibration of Monocular Vision

‘ Camera

Real-life object

Flat 2D projection

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 5

»  Concept of Coordinate Transformation %

Camera

Flat 2D projection

Real-life object

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Vision-Guided
Manipulation ...

Step 1: Step 2: Step 3:
- 5 —>
Image Sensing Image Digitization Image Sampling
Image
Samples
A 4
Step 4:

Estimation of 2D Geometry
Estimation of 3D Geometry

Object
Geometry
N

[Step 5: Motion Planning ]

y

Step 6:
Motion Control )
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Vision-Guided Mobile
Manipulation ...

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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A vision system itself is a mechanical
system ...

* A mechanical system consists of many rigid elements, devices or
components.

* Hence, it is an important topic to study the spatial relationship
among rigid elements, devices and components.

« As aresult, each element, device or component will be assigned a

local coordinate system.
‘ Camera

Flat 2D projection

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



Nanyang Technological University

Example of
Coordinate Systems
Assigned to a
Camera and its
Images Inside ...

(X, Y, Z)P (X, Y,Z)
- \

Note: Real image is inside the camera.

It has an equivalent image in front of the
lens. For simplicity, we use a real image’s
equivalent image.

World
Coordinate
System X-Y-Z

Digital Image
Coordinate System

Analogue Image
Coordinate System

Camera
Coordinate
System x-y-z
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Basics of Homogeneous Transformation

« Pose = Position + Orientation This is the pose of the camera
/ frame with respect to the world
H — Rcamera Tcamera\ frame'
camera 0 0 O 1
H 1d — Rc_almera _Rc_almera X Tcamera‘
wor O 0 O 1

(Monocular Vision)
(This is the pose of the world frame with respect to the camera frame)

Camera Frame

Image plane

Hcamera X Hworld = Iyxs

=I-I_1

y H camera world
'y t Q /
X

World Frame
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Basics of Homogeneous Transformation

This is the pose of the tooltip frame [T—
with respect to the world frame Hioottip = [

Rtooltip Ttooltip‘
0O 0 O 1

This is the pose of the world frame
with respect to the tooltip frame

H — ooltip = tooltip X Ttooltip
world
0 0 O 1

Htooltip X Hyorta = laxa

— -1
Htooltip — Hworld

(Robot Arm)

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

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

This is the pose of the reference Ny "1 Tz Tz I
frame with respect to the camera | ¢y - ["21 22 T23 by |
frame 31 T3 7133 Iy

| 0 0 0 1.

Camera Frame

Image plane

X vy
Y Y

Reference Frame

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

Y _
Z After Rotation L
Y About X Axis X 2= ax = 90*pi/180;
3= rx = [1 0 0 ;
Before ‘ : m | > Z a 0 cos(ax) -sin(ax);
X 5 0 sin(ax) cos (ax)]:

X @ After Rotation .. 00,
After ﬁggr Rotati'on About Y Axis 8 — ry = [cos(ay) 0 sin(ay);
ut Z Axis 9 0 1 0 ;
Z < I Y X 10 -sin(ay) 0 cos(ay)];
11
Y ‘ : m 12— az = 90*pi/180;
Z 13— rz = [cos(az) -sin(az) O0;

Camera Frame 14 sin(az) cos(az) 0;
15 0 0 1]:
16
Image plane 17— r 2 rx*ryrz
18
19

Command Window

New to MATLAB? See resources for Getting Started.

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

Reference Frame
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Outline of Lecture 5

« Transformation from Scene to Camera Space g :

Camera

Flat 2D projection

Real-life object

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Setup of Coordinate Systems ...

Camera Frame

Image plane

Work Plane

| Y ......* Q
"X

Reference Frame

8 minutes
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Representation of Scene with Respect
to Camera’s Coordinate System ...

1. Position
2. Orientation

Camera Frame

Image plane

R T11 Tz Tiz Ly
VY ....... -« Q CH _ r21 r22 T'23 ty
r —_
X 31 T3z T33 U

VA
Reference Frame | 0 0 0 1

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Transformation from Scene to
Camera Space ...

(711 Ti2 T13 by
Camera Frame cy = T21 Tz T23 Uy
31 T3z T33 Uy
Image plane 0 0 0 1
Work Plane FCYT Y
r Y ~....,* Q Y _ CH o Y
co| r r
D¢ Z YA
Reference Frame L1 N

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 5

« Transformation from Camera Space to Image Space

Camera

Flat 2D projection

Real-life object

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Projection to Image Plane ... © >

0,
Triangle 0.0, F; is similar to Triangle O.0Py s

Image plane
0,0. PO, z. x. Y . o J\\ /,

— = = ' M
00, Ps0 f X4 Ya R
Pd(xds yd)
Pué‘u; Yu)
/Y =Py (xa,ya, f)
Zc . Xc _ g7C
7 = D Xq = ~
d ¢ Object plane
Z¢ Ye Ye

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Projection to Image Plane ...

‘X ‘Y
x=fe— and y=fe—
/ /
Camera Frame
Image plane
Work Plane

rY ......*, Q
"X

Reference Frame

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



Nanyang Technological University

Matrix Equation of Projection ...

C C
X Y
x=fe— —and y=fe—
/ /
Camera Frame c
seXx f 0 0 0 X
Image plane %
sey|=|0 f 0 0js
S 0O 0 1 O |

Work Plane

5% ey Q
/ ﬁ "X

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 5

« Equation of Monocular Vision

Camera

Flat 2D projection

Real-life object

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Coordinate Transformation from
Scene to Analogue Image ...

From Scene to Camera From Camera to Analogue Image

Cy- - Ty ‘X
C); r); sex) (/0 0 0|0
CZ = CHr. TZ SOy = O f O O ® CZ
|1 | |1 S O 0 1 O |

(111 T12 Tiz ]

cy 21 Tz T3 Uy
r

31 T3z T33 U

b@é

L0 0 O @ From Scene to Analogue Image
_ - T'X
Sex F 00 0 :11 17:12 77:13 ix oy
sey|=(0 F o o] T2 T3 b
S 0 0 1 o/|Br ™2 T3 tzI| "z
L0 0 0 11\ 4

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to transform scene to digital
image?

1 T2 Tz te][ X
uO u Sex f O O O T'21 T'zz T23 tx rY
| ' sey]=(0 F 0 0 y
) 1 S 00 1 0 31 T3z T33 1 4
a’ 1o o 0o o0 1]\ 4
Vo |- - - - - 5 X

Image plane

Digital image

@D Work Plane

rY *, Q
Anal |
Halogue image "X

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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REViSion EEE | Hawwden signal

Wideo signal E'”ghtT

. fanalog signaI}D “l ﬂu \_}’ Binary level
« The analogue images produced at K: 5 5 '\

the image plane are digitized into

. e [
the corresponding digital images: slgnal for :

arizanta o '
synchronization E:Sﬁg’f Dividerd E
~Up u Digital signal E}E';m E E
T v (— to
xy) | | " LB
q i 3
Vol - - - - 0 S X Clock | CEEEEEERRG
pulse 00 pixels (Horizontal)

Camera Frame

v v
Y, y \

Digital image

@D Work Plane

Image plane

Analogue image

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Coordinate Transformation between
Analogue Image and Digital Image ...

X
—  — P=(X,Y Z
U=Uy+U=U;+— (X,Y, 2) Digital Image
Au s Soordinate System
P -y

(X, y) creates extra
columns and rows

V=V, +V =V, +—
AV - P
—><< “so b Analogue Image

..... ) -7 Coordinate System

'~y
~~~
S

1 0 u,
u Ay X
vi=| 0 Aiv v, [® ¥ _‘
| 0 1 1 &
I Ye

Both sides can be multiplied by s

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Coordinate Transformation from Analogue Image
to Digital Image ...

Ug — +i 1 0
; b sty A a0
) 1 y <:> [VJ 0 ALV Vo (®| Y
q I
V= Vs +— 1 0O 0 1 1
Vo |- ===~ 5 > X 0" Av

Camera Frame

Image plane

Digital image

@D Work Plane

rY *, Q
Anal |
alogue image "X

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Transformation from Scene to
Digital Image ...

Seyx F 000 711 Tz T3
seyl=(0 £ 0 0 21 T2 T23

31 T32 7133
L0 0 O

) N”\?QI

—_ = < =

N < >

PR IENG o

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equation of Camera’s Forward

Projection
I 0 uy O\[ri1 T2 m3 ][ X
seu Au Toi Too Toa t %
Sep f 21 T2 T3 Uy
S 0 — vy 0|31 T2 M3 || "z
Av 0 0o o0 1]\ 4
0 0 1 0

Camera’s Forward Projection Matrix

\ }
Equation of Camera’s Forward Projection

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equation of Monocular Vision’s Forward Projection ...

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

T'X q |0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equation of Monocular Vision’s Inverse Projection ...

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

Seu "X qa I,
(540 = Ducae v ol .

S 1

ke "X u a
ke Y | = My (”) with M3 =1( d
k 1 g

\ }
|

Equation of Monocular Vision’s Inverse Projection

> T
i o

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

« Finally, we have proven the following equation in matrix form:

Monocular Vision Matrix

u
- ko' X a b c u
q. > k'Y |=|d e f|e|vV
A
k g h 1 1
Camera Frame
v
\%
\ Image plane

Image Processing Digital image

@D Work Plane

T"Z = .,......,..... v
FY ....,‘.* Q
Analogue
image "X

Reference Frame
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Exercise

The following photos show:
a) a 2D vision system mounted on a AGV (Automatic Guided Vehicle) and

b) one image seen by the camera. The task for AGV is to follow the land-mark

placed on the floor. The floor is assumed to be flat.

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

« The 2D vision matrix is given as follows:

0.164499 0.022269 -27.176669
0.000767 -0.209450 74.306071
0.000018 0.001470 1.0

» [f the digital image coordinates (u, v) of points “a” and “c” are a(220,
110) and c(215, 230) respectively, what is the equation of the line
which passes through “a” and “c”?

Hint:
xr ¥r
9.833057 44.12548
9.920107 19.59617

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 5

e (Calibration of Monocular Vision

Camera

Flat 2D projection

Real-life object
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Question

e How to determine the coefficients inside the monocular vision matrix?

u
- ke'X a b ¢\ (u
q. k'Y |[=|d e f|e|lv
A
1 1
5 > x k g h
Camera Frame
v v
v y
Image plane
Image Processing Digital image

@@ Work Plane

rZ
rY

Reference Frame

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

Principle: (Could we call machine calibration as Machine Learning?)

* Aregular patterns (i.e. checkerboard) are painted onto the object
plane of a 2D space. The real dimensions of the patterns are known.

« From the digital image, some (at least four) image points are
manually detected.

« Once we know the digital image coordinates and the 2D object
coordinates of these points, the monocular vision matrix can be
computed by a least-square estimation.

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

« Setup
Checkerboard

2D Space

Camera Fram

Image plane

Work Plane

rY *, Q
"X

Reference Frame

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



Nanyang Technological University

Calibration of Monocular Vision

 Procedure

Step 1: 2D object coordinates and digital image coordinates are related
to a monocular vision matrix:

ke "X a b c u
ke 'Y |=(d e f <v>
k g h 1 1
Step 2: The matrix equation can be expanded into the following

equations: r Ued+veb+c
T'X=

ueg+veh+1

rY:uod+v-e+f

L ueg+veh+1

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 2: The matrix equation can be expanded into the following
equations :
(. uea+veb+c
X =
ueg+veh+1

Ty_u-d+v-e+f
L uesg+veh+1

Step 3: If (u,v) and (X,Y) are known, the above two equations

can be written in the following form:

ueat+veb+c—("Xeu)eg—('Xev)eh="X.
ued+vee+f—("Yeu)eg—("Yev)eh="TY.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 4: Given one pair of {(u.v), (X,Y)}, we can have two
equations that are linear with respect to the

unknown (a,b,c,d,e,f,g,).

2D Space

Camera Frame

Image plane

Work Plane

rZ un.n n.-..nnnu K
"X

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 5. There are eight unknowns to be estimated. We need to
have at least eight equations. Therefore, four pairs of
{(u,v), (X,Y)} are sufficient enough for the estimation of

the eight unknowns (a,b,c,d,e,f,g,h).

Camera Frame

Image plane

Work Plane

g

Reference Frame

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 6: If we have “n” pairs of {(ui, vi), (Xi, Yi)} (i=1, 2, ..., n), we
can establish “2n” linear equations:

ujeat+vieb+c—("Xjoeu)oeg—("X;ev)eh="X,.
ujed+vieetf—("Yieu)eg—("Yiev)eh="TY,

i=1,2,...,n
Ae/ =B
With:
o
b _ _ L
ur vt 10 0 0 —"Xieur —"Xiew "X1
c
4 0 0 0 wur vi 1 —Yieur —"Yiey "Y1
Z= A= ... ... . B=| ..
e
f Un Vn 1 0 0 0 —an‘un —an.Vn an
O 0 0 Un Vn 1 —rYn.Un —rYn.Vn rYn
g L ] | 1In |
_h_

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Step 7: The solution with the least squared error is:

Z = (At e A)~1 e (Al e B)

With:
o
b _ _ L
w vi 10 0 0 —"Xieur —"Xiey "X1
; 0 0 0 w v 1 —"Yieur —"Yiew "Y1
Z= A=\ .. .. . . .. B=| ..
y un va 1 0 0 0 —"Xoeun —"Xuown " Xn
/ 0 0 O un wvo 1 —"Yueun —"Yney "Yn
g L _ L In ]
_h_

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

» The sizes of the black square in a 2D space are 10.0x10.0 (cm). A
CCD camera is fixed at a location above the 2D plane.

2D Space

Camera Frame

Image plane

Reference Frame

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

* From the digital image captured by the camera, we select eight image
points. The digital image coordinates (u, v) of these eight points are:

Point 1: (117, 355) Point 2: (396, 356)
Point 3: (372, 175) Point 4: (142, 175)
Point 5: (213, 288) Point 6: (301, 288)
Point 7: (297, 228) Point 8: (215, 227)

2D Space
Y

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

« \What are the coefficients inside the monocular vision matrix?

e
ke'X a b ¢\ (u
q. | ko'Y |=|d e f|e|v
A
1 1
5 > x k g h
Camera Frame
v v
v y
\ Image plane
Image Processing Digital image

S Work Plane

VZ * "-,.:....... v
VY ...""*, Q
Analogue image "y

Reference Frame

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

0.164499 0.022269
0.000767 -0.209450
0.000018 0.001470

* Answer:
o
CIA*
0 7 X
Vv Yy \
Image Processing Digital image

(Learning, Teaching) <o> (

Camera Frame

Analogue image

-27.176669
74.306071
1.0
ke' X a b c u
> | ke'Y |=|d e [ |e|lv
k g h 1 1
Image plane
Work Plane
.............. v
....... *.Q

Research, Innovation) <o> (Leadership, Service
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Summary of Lecture 5

. Concept of Coordinate Transformation %
* Transformation from Scene to Camera Space

« Transformation from Camera Space to Image Space

« Equation of Monocular Vision
« Calibration of Monocular Vision

‘ Camera

Real-life object

Flat 2D projection

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

Cognition B
———— 8o
£8
* Lecture 6: = " o
. . . . ecogniton
— Computation Using Binocular Vision 9

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



School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY Design, Machine, Control, Intelligence

Lecture 6 of Module 4

Al 3.0
MA4829 Machine Intelligence

Computation Using Binocular Vision

XIE Ming, PhD (France)
3 http://personal.ntu.edu.sg/mmxie

“We are living inside an ocean of signals”

What is a system with intelligence inside?

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


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

Nanyang Technological University

Outline of Lecture 6

Concept of Coordinate Transformation
Transformation from Scene to Camera Space
Transformation from Camera Space to Image Space
Equation of Binocular Vision

Calibration of Binocular Vision

-~ ;- e
- - - -

- N S e

» . ey

.. - v > -
- 2, 2 .

- ™ " -
i O ~ \ e
o L

. 4 R A ) >
§ K“\\- 5 b 5 K ’ o
o \ P . /
\\\$ -
t images

npu

Volumetrnic 3-ad model
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Outline of Lecture 6

» Concept of Coordinate Transformation

- SN
1 £ \
-~ '3 e
.. o > -
O N W
S e o j - .
e . ”» rd ~ » .
S D \ \ e ot
» » o - . » :
5 .
’ e
- .
KE
.

N 2
s L
.

rnc 3-d model

L) h
\Q" b \ \“\
k\\m N 2 2
N @ i~
ASL S -
t images

npu

R
A~
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Vision-Guided
Manipulation ...

Step 1: Step 2: Step 3:
- 5 —>
Image Sensing Image Digitization Image Sampling
Image
Samples
A 4
Step 4:

Estimation of 2D Geometry
Estimation of 3D Geometry

Object
Geometry
N

[Step 5: Motion Planning ]

y

Step 6:
Motion Control )

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Vision-Guided Mobile
Manipulation ...

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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A vision system itself is a mechanical
system ...

* A mechanical system consists of many rigid elements, devices or
components.

* Hence, it is an important topic to study the spatial relationship
among rigid elements, devices and components.

« As aresult, each element, device or component will be assigned a

local coordinate system.
‘ Camera

Flat 2D projection

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of
Coordinate Systems
Assigned to a
Camera and its
Images Inside ...

(X, Y, Z)P (X, Y,Z)
- \

Note: Real image is inside the camera.

It has an equivalent image in front of the
lens. For simplicity, we use a real image’s
equivalent image.

World
Coordinate
System X-Y-Z

Digital Image
Coordinate System

Analogue Image
Coordinate System

Camera
Coordinate
System x-y-z

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

« Pose = Position + Orientation This is the pose of the camera
/ frame with respect to the world
H — Rcamera Tcamera\ frame'
camera 0 0 O 1
H 1d — Rc_almera _Rc_almera X Tcamera‘
wor O 0 O 1

(Monocular Vision)
(This is the pose of the world frame with respect to the camera frame)

Camera Frame

Image plane

Hcamera X Hworld = Iyxs

=I-I_1

y H camera world
'y t Q /
X

World Frame

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

This is the pose of the tooltip frame [T—
with respect to the world frame Hioottip = [

Rtooltip Ttooltip‘
0O 0 O 1

This is the pose of the world frame
with respect to the tooltip frame

H — ooltip = tooltip X Ttooltip
world
0 0 O 1

Htooltip X Hyorta = laxa

— -1
Htooltip — Hworld

(Robot Arm)

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

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

This is the pose of the reference Ny "1 Tz Tz I
frame with respect to the camera | ¢y - ["21 22 T23 by |
frame 31 T3 7133 Iy

| 0 0 0 1.

Camera Frame

Image plane

X vy
Y Y

Reference Frame

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

Y _
Z After Rotation L
Y About X Axis X 2= ax = 90*pi/180;
3= rx = [1 0 0 ;
Before ‘ : m | > Z a 0 cos(ax) -sin(ax);
X 5 0 sin(ax) cos (ax)]:

X @ After Rotation .. 00,
After ﬁggr Rotati'on About Y Axis 8 — ry = [cos(ay) 0 sin(ay);
ut Z Axis 9 0 1 0 ;
Z < I Y X 10 -sin(ay) 0 cos(ay)];
11
Y ‘ : m 12— az = 90*pi/180;
Z 13— rz = [cos(az) -sin(az) O0;

Camera Frame 14 sin(az) cos(az) 0;
15 0 0 1]:
16
Image plane 17— r 2 rx*ryrz
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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Nanyang Technological University

Outline of Lecture 6

» Transformation from Scene to Camera Space
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Setup of Coordinate Systems ...

Camera Frame

Image plane

Work Plane

| Y ......* Q
"X

Reference Frame

8 minutes
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Representation of Scene with Respect
to Camera’s Coordinate System ...

1. Position
2. Orientation

Camera Frame

Image plane

R T11 Tz Tiz Ly
VY ....... -« Q CH _ r21 r22 T'23 ty
r —_
X 31 T3z T33 U

VA
Reference Frame | 0 0 0 1
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Transformation from Scene to
Camera Space ...

(711 Ti2 T13 by
Camera Frame cy = T21 Tz T23 Uy
31 T3z T33 Uy
Image plane 0 0 0 1
Work Plane FCYT Y
r Y ~....,* Q Y _ CH o Y
co| r r
D¢ Z YA
Reference Frame L1 N
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Outline of Lecture 6

« Transformation from Camera Space to Image Space
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Projection to Image Plane ... © >

0,
Triangle 0.0, F; is similar to Triangle O.0Py s

Image plane
0,0. PO, z. x. Y . o J\\ /,

— = = ' M
00, Ps0 f X4 Ya R
Pd(xds yd)
Pué‘u; Yu)
/Y =Py (xa,ya, f)
Zc . Xc _ g7C
7 = D Xq = ~
d ¢ Object plane
Z¢ Ye Ye

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



Nanyang Technological University

Projection to Image Plane ...

‘X ‘Y
x=fe— and y=fe—
/ /
Camera Frame
Image plane
Work Plane

rY ......*, Q
"X

Reference Frame
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Matrix Equation of Projection ...

C C
X Y
x=fe— —and y=fe—
/ /
Camera Frame c
seXx f 0 0 0 X
Image plane %
sey|=|0 f 0 0js
S 0O 0 1 O |

Work Plane

5% ey Q
/ ﬁ "X

Reference Frame
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Outline of Lecture 6

« Equation of Binocular Vision
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Why do we have binocular vision?

* A binocular vision is a pair of two collaborative
monocular visions, each of which could work
iIndependently. The collaboration between two
monocular visions poses the difficult challenge
of achieving stereo matching. - Xie Ming, 2004
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Why to have two dependent eyes?

el LA ] (A0 )
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Why to have two dependent eyes?

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



Nanyang Technological University

Why to have two independent eyes?
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Why to have two independent eyes?

SENORGIF.COM
R
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Setup of Binocular Vision

* The Details of Hardware Support

Left camera Robot Arm Gripper

You could set up
binocular vision system
at home with two laptops

Right camera

Position B Position A

Objec:[ at
rotating table
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Equation of Camera’s Forward

Projection
I 0 uy O\[ri1 T2 m3 ][ X
seu Au Toi Too Toa t %
Sep f 21 T2 T3 Uy
S 0 — vy 0|31 T2 M3 || "z
Av 0 0o o0 1]\ 4
0 0 1 0

Camera’s Forward Projection Matrix

\ }
Equation of Camera’s Forward Projection
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Forward Reconstruction Method in Binocular Vision

« Working Principle:
— 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

Right Camera

_______________

stereovision or binocular vision 4 Xg
system. (“L, W ,
. .. Image mage
— A binocular vision can see a
point P and will output two
Image points. S
— The coordinates of the two
images allow a machine to S;;;gg fii Fiz fuloe
uniquely determine the For Stereo [LZNRYI|VEZRNPE2 fzz‘ =
coordinates of point P. Matching Va1 f2 )
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Transformation from Scene to Left Camera ...

* The equation of left camera’s Left Camera
forward projection could be
written into a systemof AT B

Right Camera

equations: Xg
T'X ’
Spe Y Cn C2 C3 Cp ry Image g mage
Si*V | =165 Ce Ci7 Cig|e -
Si Clo Cro €11 1 Z
1

(Sl.ul=cll° TX'I‘Clz’ TY+C13’ rZ+Cl4

Sl‘vl=C15'TX+Cl6°TY+Cl7°TZ+C18
Z4 /Y
& Sl=C19°rX+C110’rY+C111°rZ+1 X

Reference Frame

N

(cu—coeu)e "X+ (cp—crupeu)e 'Y+ (cz—curou)e "Z4cy =1y
(s —cCgovy) e "X+ (ci6 — Crio* V1) ® Y + (7 —curevp) e "Z + Cig = 7y
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Transformation from Scene to Right Camera ...

« The equation of right camera’s
forward projection could be
written into a system of e SN,

Left Camera
Right Camera

equations: Ya Xy
rX ’
Sr ® Uy Cr1i G2  G3 Gy ry Image X mage
Sr*Vr | = |65  Cre Cr7 Cyg|e -
Sr Cro Crio Cr11 1 Z
1

(s, eu, =Cpy® "X+cCpe YHcme "Z4cpy

1SreVr=Crse ' X+cge 'YHcr0 "Z4cpg zs Sy
\ ST-=CT9'TX+CT10'TY+CT11.TZ+1 X

Reference Frame

(Cri—Cro®Uy) e "X + (Crz —Crip®Uy)® Y + (Cr3 —Crir®Uy)® "Z + Crqa = Uy
(Crs —Cro ® vr) e "X + (Cr6 —Cr10 ® vr) « 'Y + (Cr7 —Cr11 ® vr) e "7+ Crg = Uy
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A System of Equations in Binocular Vision

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

((cn—coeu)s "X+ (cz—cpoou)s Y+ (z—cnrow)e "Z+os=1y
(s —coev)e "X+ (cg—coev)e 'Y+ (cy—curev)e "Z+cg=v
(Cri—Cro®uUy) e "X + (Crz —Crip®Uy) ® Y + (Crz3 —Cri1®Uy)® "Z + Cra = Uy
\(Crs —Crogo V) X+ (cre—Crio* V) 'Y+ (Crp—Crinov)e "Z+Crg =y

A

We define:
(cn—coew) (cp—croew) (c3—cCu1ewy) Up — Ca
A= (cis—coevy) (cg—coev) (a7 —cuyevy) B = V1 = Cig
(cri —Croouy) (G —Crip®Ur) (Cr3 — Cr11® Up) Ur = Cra

(¢rs —Cro* V) (Cre —Crio® V) (Cr7 — Cr11* V)
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Solution of Forward Reconstruction

* 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
Right Image
Image

r
X
> u
Ae rY =B > . Camera Frame !
T'Z * a '
\ A%
D¢

Camera Frame

(AteA)e| "Y | =AteB
7

TX

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

T
YA
Right
Camera

Least-Square Estimation

world Frame
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Summary of Forward Reconstruction Method

Least-Square Estimation

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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Results with Pixels in General

« Experimental Results
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Results with Line Segments

 More Experimental Results

One pair of
stereo images

Result of stereo
matching

3D view of
reconstructed
line segments
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Open Issue of Stereo Matching

 How to find the match inside
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 |ine Left Camera Image E, Right Camera Image 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).

— 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.

v1=0

lu, v 1]If21 f22 fa3
f31 fzz f33

fir fiz f13] Uy

Template Window T Search Scan Line L

pipolar Line

Left Camera Image E, Right Camera Image E, Left Camera Right Camera
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New Method: Projective Solution in Binocular Vision

 Question: Could we obtain a binocular vision matrix which is similar
to a monocular vision matrix?

Monocular Vision Matrix

ko' X
k.rY =

o)

| -

%
v

Camera Frame

Image
plane

v
v ’\

Image Processing Digital image

4

Can >

y

rZ ., u-....n.n-.. ‘ '
rY .....-.* Q
Analogue
image i

Reference Frame
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New Method: Projective Solution in Binocular Vision

i Bi lar Vision Matri
« The answer is Yes! inocular Vision Matrix
k"X U (Ui
k7Y V1
= u
Stereo | |k7z Baxs v:
— Matching k [ 1
> u, | >
* u
| » 4 Camera Frame '
Right b
v B \
" , ' v, Global Impact
Camera Frame Left
Image T
Left Very Important Discovery
Camera

Xie M., Fang Yuhui and Lai Tingfeng,

; 2025, New Solution to 3D Projection in

Human-like Binocular Vision, International
Q Journal of Humanoid Robotics.

. .

World F ]
X oric TTame Nobel Prize?
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New Method: Projective Solution in Binocular Vision
» Reference:

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

Blnocular Vlsmn Matrix |
Stereo
oo Matching

= B4x5
—»
®
| » @ Camera Frame

A J vf
Left
Image

Left
Camera
-s
Right Q
Camera 7
World Frame

Right
Image

A\

Camera Frame
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What are the advantages of using the projective
solution in binocular vision?

- Accurate Xie M. (2003). Fundamentals of Robotics: Linking
Perception to Action, World Scientific Publishing Co.
- Differentiable < — l

- Able to Directly Compute Displacements

Global Impact

C ol y)
/,.

Cr/
e 02
Y / i
| ,I Right image
Vy B . C”/ plane
i Epipolar Line
g Left Camera Right Camera
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Other Method ( 1) Inverse Reconstruction Method

Zhang Y. and Xie M., 1998, New
Principle for Passive 3D Scanner,
Third World Automation Congress
(ISOMA-043), United States, TSI

Press, pp. 1-6.

(Award Winning Research)

3D Discrete Scene :
(XY, Z,),i=

with :
Zi = Zmin

0,1,2,...}

+ieAZ

Meaningful
Image
Data

Left Image :
{(uljavlj )7 _] = 031,2,...}

Left Camera :
X;

peu;

A Y;

o). = [ ]
POV =M% 7 ez
P 1
(i=0,2,3,...)

(X;

l

A

7

Output

Global Impact

XY,
y }/’Q( Z)

Right Image:
{(u‘riﬂ vri); [ = 0,1,2, - }
A
Right Camera:
X;
S ® Uy Y.
Sev,; | = Cr ° l
s Z;
1
(i=0,2,3,...)
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Other Method (2) ...

Left Camera
Coordinate System
Yel

World
Zcl Coordinate System
Yw
Left Camera
Projector image plane Xw
Zw
Right Camera

image plane OBJECT

Right Camera Yo
Coordinate System

Zer
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Other Method (3) ...

Raw image captured by the setup. Ray diagram illustrating the formation of
The stereo images are extracted as the two images, the virtual cameras and baseline.
two halves of the raw image.

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



More Methods ...

C1l1



Nanyang Technological University

Future Research:
Solution Toward Achieving Human-like Binocular Vision

*  Where/What/Who in Images?

«  Where/What/Who in Scenes? N2 \_ 7
Left Camera Right Camera
Image Image
Acquisition Acquisition
v
Large Model of Objects 5 |mage
Sampling
Supervised | | Hybrid Feature
Cognition Extraction
~
Large Model ofﬂ UnsuPerYl.Sed > Stere_o > 3D ije.Ct
Objects | Recognition Matching Localization
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Outline of Lecture 6

e (Calibration of Binocular Vision
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How to calibrate individual cameras in binocular vision?

 The Details of Individual Camera Calibration:

.. . . X
— There are 11 coefficients inside each M matrix. S ey Cr2
. . . — C C C C
— One pair of {(u,v), (X,Y,Z)} provides 2 equations 5 ”l S
. Co9 Ciio Cii1
for each M matrix.
— Six (6) pairs of {(u,v), (X,Y,2)} are sufficient
enough.
D¢ WCS
Seu, Cri Cr2  Cr3  Crg ry
e000000 Sev,. | =165 Cre Cr7  Crgle r . )
s Cro Crio  Cri1 1 7 Nine-Point
1 Calibration Plate - ~ - =
Left Camera Right Camera i
g
E
Verge Tilt-axis [\ Right-Verge %
Q
Pan-axis E
»
=
<
X-axis
)
N
4;9'
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How to calibrate a binocular vision itself?

* The Details of Binocular Vision Calibration:
— There are 19 coefficients inside B matrix.
— One pair of data provides 3 equations.
— Seven (7) pairs of data are sufficient enough.

One pair of {(u;, v;, u,, v;-), (X,Y,2)}
provides three equations for
calibrating binocular vision.

k"X TU; T
v WCS
k'Y L
0000000 - e B4-X5 uT'
k'Z Uy Nine-Point
|k | 1. Calibration Plate - ~ - =

Left Camera Right Camera

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

Pan-axis

Auxilary Calibration Axis
_—=
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Summary of Lecture 6

Concept of Coordinate Transformation
Transformation from Scene to Camera Space
Transformation from Camera Space to Image Space
Equation of Binocular Vision

Calibration of Binocular Vision

-~ '3 e
. ) & »
2L W e, Wl
° : ; S
., . “ J
-

) SO ¢ : ‘o y L
. w3V O N ;
o, ) By < X '-_" " > »
"’ Lo - g e s\ / P
) > = ) v \ ) W
K'\- ’ "
.
NO . -
t images

npu Volumetrnic 3-d model
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Summary of Module 4

» Lecture 1:
— Geometry-Driven Computation
» Lecture 2:
— Fuzziness-Driven Computation
» Lecture 3:
— Cognition-Driven Computation
» Lecture 4:
— Recognition-Driven Computation
« Lecture 5: Cogpnition -
— Computation Using Monocular Vision é;é
* Lecture 6: = o-
— Computation Using Binocular Vision Recognition

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



NANYANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL
UNIVERSITY 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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