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Outline of Al 3.0

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

A Module 3: Visual Knowledge Perception

A Module 4: Visual Knowledge Computation

A Module 5: Visual Knowledge Applications
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Re me mber NTUOsSs VI SI on

Drive Global Impact

Transform Education

Operational
Excellence

Build Talent & Leadership Bench Strength

House of Talent
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Education House of Talent

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

people to drive excellence across the
University.

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

Research, Innovation and Enterprise

Hub of Global Impact
We pursue breakthrough discoveries. We P

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

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

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



Nanyang Technological University

ABOUT YOU
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Remember your mission as MAE
undergraduates &

AYou 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?

A To apply learnt knowledge and skills into the implementation of the
following universal blueprint underlying all the intelligent machines

or systems.
User 0s
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 Bi g Questions &

A How to achieve automation?
I To apply the theory of control

A How to achieve autonomy?
I To apply the theory of mind
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Two Big Dil emmas &

A Top-Down Design versus Bottom-Up Optimization

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

A Mind-Centric Approach versus Brain-Centric Approach
I Does intelligence arise from Mind or from Brain?
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DIl emma ver sus Common

Mind-Centric J
Intelligence
Human / J /
Artificial

Intelligence
Intelligence

/ / (Al 3.0)
Intelligence \

:\/Iltnﬂ_-Centrlc I(E](:érll%lggg(e)nal
ntelligence
Machine /

Intelligence \

Brain-Centric Computer-Aided

Intelligence x Human Intelligence
(Al 1.0 and Al 2.0)
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Why to study visual intelligence? AL

INTELLIGENCE

AThemotivationisto OWe are |living inside an oceg ===
achi eve machi - —
self-intelligence. Machine Intelligence

c
o8 g5 Pl ez
A More specifically, we | 3 = = S8 S = ___Artificial
. . . = = 5 = O .
aim at achieving the | 8 8 5S¢ 3B 5 Intelligence
transformations from | ¥ 2 x & < 3 X g
Vlsua_l _Slgnals to Computer-Aided Intelligence |
cognitive states of T —
knowing the Human Intelligence
: . Natural Sciences Social Sciences
meanings inside the
: . Knowledge
visual signals. : : __ Human
Properties Constraints .
w Intelligence
R | el Conceptual Worlds
One Too
A Two Worlds Human Languages
A Three Intelligences Physical World
A Four Pillar —
S Copyright @ Ming Xie

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



Nanyang Technological University

What to learn? Roadmap of
Visual Intelligence

Lights =» Photometry =»Geometry <> Conceptual Meanings =

Visual Signals

True Foundation of Al 1. Image Acquisition ::'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.i
2. Image Processing | :
Multiple Al Pipelines : :
1 . ¥ knowledge :: :
] : ) H knowledge + knowledge :
: | 1. Computing Geometry :
2. Computing Fuzziness T
Signal A Knowledge 3. Cognizing Knowledge EE From 2D Images to From 2D Images to
4. Recognizing Knowledge] i 2D Scene 3D Scene
Knowledge A Knowledge | & knowledge knowledge knowledge
d Knowledge A Signal Al-Integrated Applications Decisions
Signals Inverse Kinematics Vision <
Scenes
Signals Actions
Knowledge anal
Representation Signals Sensors
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How to study visual intelligence?

A 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

Cognition <:I
EKnOWNejt :> ﬂ T] * Where is what?
Recognition Visual Signals  * Where is who?
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How to apply?

A You could use MATLAB to quickly apply:
I What you have read
I What you have heard

I What you have learnt

—_

Practice

Practice — MATLAB = No.1 Al Software
(Rapid Prototyping Software)

/\ Should Seeing be Believing?

We are more affected by Beliefs than by Truths.

Practice
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Terminol ogy Alert é

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,ibw t o transform pixels +nto
called problem of symbol grounding in visual intelligence.

3. As a result, 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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Todayodos Lectures e

A Module 4: Visual Knowledge Computation
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Outline of Module 4

A Lecture 1:

I Geometry-Driven Computation
A Lecture 2:

I Fuzziness-Driven Computation
A Lecture 3:

I Cognition-Driven Computation
A Lecture 4:

I Recognition-Driven Computation
A Lecture 5: Cognition

i Computation Using Monocular Vision
A Lecture 6:

I Computation Using Binocular Vision

So
S
23
(al

Recognition
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Outline of Module 4

A Lecture 1:
I Geometry-Driven Computation

Cognition _
> _8 i)
£2
o
Recognition
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Outline of Lecture 1

A Concept of Knowledge Space
A Representation of 2D Geometry
A Computation of 2D Geometry
A Representation of 3D Geometry

A Computation of 3D Geometry
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Outline of Lecture 1

A Concept of Knowledge Space
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What is knowledge®?

The knowledge about an entity consists of:

AU =Y =V < (1
| Properties I | EERRT A RERRY.
I  Constraints

1 2 3 4 t
. ——————— 3 3

I  Behaviours

Position falling faster Velocity Acceleration

and faster decreasing constant

A The knowledge from images includes:
I Photometry

I Geometry
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What is knowledge space?

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

o [{QRQ ripRfots i FQ pliois f

ATQ

A Knowl edge Vector 6s
Coordinate Distribution
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Outline of Lecture 1

A Representation of 2D Geometry
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Understanding 2D Geometry (1)

A 2D geometry refers to the appearance of physical entities in a
two-dimensional space, or 2D space in short.

A 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)

@ AKX

A The appearance of
physical entities in a 2D

Space IS manlfeSted In the Circle Triangle Square Star
form of shapes. (
Crescent Rectangle Pentagon Hexagon
Octagon Rhombus Cross Trapezoid
h i Arrow Heart Parallelogram
Y X
>
y 2D Image o 2D Scene
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Understanding 2D Geometry (3)

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

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

rules such as:
Intersection at Points

e

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

A ConnectPointsAtAngle(point, point, angle)

/ Intersection at Curves

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

A ConnectCurvesAtOffset(curve, curve, offset)

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

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

T_/ 2
g®¢> T_/\
B b \/«

L,
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Example

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

T_) A

&

L.
a®¢> N
N
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Example

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

: \
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Understanding 2D Geometry (4)

A 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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Understanding 2D Geometry (5)

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

2D Image | 2D Scene
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Understanding 2D Geometry (6)

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

7
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Example of Paths of a Mobile
Basebds Two Wheel s é

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

A The spatial locations with time constraint are called
trajectories (i.e. equations of motions).
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Example of Trajectories of Three
Moving Pl atforms ¢é
-

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
Humanoi d Robot os Arm

Reference positions

% — Joint 1
=== Joint 2
1.5/- === Joint 3
—Joint 4
------ Joint 5

1

\- ------- Joint 6

Joint position(rad)
o

\ -./".' ..\
"\ II !
N \/
1.5| ,’i
2f J
0 1 2 3 4 5 6 7 8 9 10
Time(sec)
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Example of Trajectories of a
Vehi cl eds Body e

10| x(2) (1)

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

o] X #(1)

40
w 25 30
= @ 20
S e £ 10

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

o.1 0.2 0.3 0.4 0.5

Time (sec) Time (sec)
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Geometry

A Pose:

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

A Shape:

I It refers to outlines of
entities with respect to
Local Coordinate
Systems assigned to
these shapes,
respectively.

Two Types of Parameters in @ $
4

Y
Alocal
global
4 XIocal
Olocal
Y
Alocal
YIocal
XIocal
Xlocal
local
obal > XgIobaI
globa
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Representation of Positions in 2D
Space without Time Constraints

Q G
Yglobal
" %
. . " v r
. Qo)
.
. .
Y'Oca' Function
ylocal . ® ®
XIocal
Xlocal local
™
Position Vector
@) > Xglobal

global
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Representation of Positions in 2D
Space with Time Constraints

x(t)o aaxt +bt*+ct+d 8

X

(t)8'a%1yt3+bt +ct+d O

ax(t)a aaxt +ht+c Q aiiaal

(t %(t)e_ t+byt+cy§ t

ax(t)p aat+b, g
(t) %(t)e_%yHb 8

Oci 1 AAI
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Representation of Orientations in 2D Space

C &cos@)g v
C_asingg " Bing)®
Jo ?cos@) Q

LY NG

Robot s Base

»
»

O X
acos@) -sin@)o

% "Ring)  cos) ©

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
A What are the orientations of the mobile base at times t1 and t2?
Robot 6s /B ajzs e
A Answer:
---------------- Yb
L) =
qt)=q |
A N
{.) = 2
q(t;) =g, .
R Robot 0s Base
O X
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Example of Homogeneous Transformation
Between Robot Frame and World Frame

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

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



Nanyang Technological University

Representation of
Line -Type Shape

In 2D Space /

y=ax+Db

Local

> <

Or: O > X

Local Local

(L)(L) (L)(L) (L) T[:>\ d=|ax0+by0+cl
: Va2 + b2

Or:

DO WW W P
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Representation of Circle - Type Shape
In 2D Space

W w w w |
YLocaI
A

OLocaI > X Local
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Representation of Curve -Type
Shape in 2D Space L

ey" g

€ 1l

0 0 [x” X" 1]Pn3ngy 3:0
é 0
: . 81y
:%I.AA‘I Q‘i n=1, 2, é

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

A

Next Slide
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Example of  Using fen
Splines €

First-order
spline

0 |
2 4 6 8 10 «x
(a)
J(x)
et Second-order
spline
2 -
0 |
X
(b)
£ W W W w0
= Cubic
spline Interpolating
2 |- cubic
0 e
R Y
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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,y ; short  number_point;
} short  curve type,
2DPoint ; }

/\/\ 2DCurve;
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Outline of Lecture 1

A Computation of 2D Geometry
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Three Quest.

A What are the available
Input?

A What are the expected
outcomes?

A 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

<

A Edge Detection
Color Image A Edge Image A Curve Samples

A Edge Linking
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How to transform color
Image into edge
Image”?

A 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)



Nanyang Technological University

Sample Program of Doing Edge

void EdgeDetectiofvoid) R :

{ o Setoutputedge-mapb6s background to be white
int i,j,Vv; Re
Il Compute HorizontalEdges s I s .
memset pBufferl, 255, 5%2*512); * of o] o] Ideal horizontal edge
for(i=1,i<511;i++) FIEIE

Eor(j=1;j<511;j++)

V= abs(ngufferO[( 1*512+j-_1£ + pBuffer0 ([i-_l)*512+'] + ngufferO{(il))*512+1+1ﬁ-
i %%Buffero I+ )*5_12+5 ]-gBBuffer (i+1)*512+j] - gBufferOQ[(i+1)*512++1]) ;
if Ev >= 5& gpBufferl[i*51 =0;

v

+ k)
if (v> 35 && v < 255) ngufferJ}[i*512+j] = (unsigned char) (25%) ; // change it to negative edge mfy

EelectMaximaAlongColun(l)n ; I/ select local minima negative edg&p 1‘ |

/I Compute Vertical Edges 1 o1

memse_@Lgp_BufferZ, 255,512*512) ; .

for(i=1;1<511;i++) * +1| o] -1| Ideal vertical edge
for j=1;j<511 j++) 1 -1

v = abs(gpBufferQ[f1)*512+j-1] + gpBufferO[()*512+}1] + gpBufferO[(i+1)*512+{1] -
%J pBuffero [513*512+1+ b 8§Buffer0 8*512+1}+1]- ggBuﬁerO Ei+1g*512+11+l]) ;
VvV >= = :

|
ifg 5) gpBuffer2[i*512+j] =0 . . .
if (v > 35 && v < 255) gpBuffer2[i*512+j] = (unsigned char) (25%) ; // change it to negative edge m@y

gelectMaximaAIongRo@ ; I/ select local minima in negative edgep 1‘ |

/l Display Horizontal Edges
/l Display Vertical Edges
/l Combinededgema

mems?pBuﬁerO, 2&5,_512*512) ;
for (i=0;i<512*512 ; i++)

if (gpBufferlfi] == 0’|| gpBuffer2[i] == 0) gpBuffer0[i] = 0// combine local minima in negative edgep
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staticSelectMaximaAlongColunm // select local minima in negative edg&ap

int i, V;
unsigned shotiemporaryBuffef512*512] ;

Il step 1: smoothing in vertical direction
memsettemporaryBuffer 255*5, 512*512) ;
for (i=2;i<512-2; i++)

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

temporaryBuffefi*512+j] = 1*gpBufferl1[(i-2)*512+j] +
2*gpBufferl|(i-1)*512+] +
3*gpBufferl[i*512+j] +
2*gpBufferl[(i+1)*512+j] +
| 1*gpBufferl[(i+2)*512+|] ;
}

Il step 2:select local minima in vertical direction
memsefgpBufferl, 255, 512*512) ;
for (i=2;i<512-2; i++)

Eor (=0;j<512j++)

v = temporaryBuffefi*512+] ;

if (v <temporaryBuffef(i-2)*512+|] &&
v < temporaryBuffef(i-1)*512+]] &&
v <temporaryBuffej(i+1)*512+]] &&
v < temporaryBuffef(i+2)*512+]])

gpBufferl[i*512+j] = (unsigned char) 0//use 0 as minimum valug

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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staticSelectMaximaAlongRoy // select local minima in negative edgep

int i, V;
unsigned shotemporaryBuffef512*512] ;

/I step 1: smoothing in horizontal direction
memsettemporaryBuffer 255*5, 512*512) ;
for(i=0;i<512;i++)

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

temporaryBuffefi*512+j] = 1*gpBuffer2[i*512+j-2] +
2*gpBuffer2[i*512+f-1] +
3*gpBuffer2[i*512+|] +
2*gpBuffer2[i*512++1] +
| 1*gpBuffer2[i*512+j+2] ;
}

/I step 2:select local minima in horizontal direction
memsefgpBuffer2, 255, 512*512) ;
for(i=0;i<512;i++)

Eor(j=2;j<512—2;j++)

v = temporaryBuffefi*512+i] ;

if (v <temporaryBuffefi*512+j-2] &&
v < temporaryBuffei*512+]-1] &&
v < temporaryBuffei*512+j+1] &&
v < temporaryBuffefi*512+j+2])

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

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

Input Image

Vertical Edges

Horizontal Edges

Note:

- | Edge-Maps
© | with White
¢t | Background
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How to transform edge image into
curve samples?

Main idea of doing edge linking:

A Scan input image of edges.

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

A 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).

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

I 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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lllustration of Linked Edges (i.e. Curve
Samples)

0 1 2 3 4 5 6 7 8 9 10 11 0 1. 2 3 4 5 6 7 8 9 10 11
255 2551 25% 25F 2596 21’5 455 b55 P55 255 | 259 255 255| 255) 25% 25p 296 25|5 265 P55 P55 255 | 254 255
2550 0 o 0 2b5 55 p55 | 0 0 255 255 2551 1 1 1 2%5 2p5 55 p55 | 2 2 259 255
2551 o] 25% 25f k5 55 lo bss 12551 ol 255 255 1| 25% 25b 2b5 P55 |2 |es5| 254 2| 255

255 of 25b 296 b des 255 |o Pss |2s5] of 255 2551 1| 25p 2% | PS P55 |2 |255] 259 2| 255

2550 0| 25p 255 %5 455 [0 |255|255| o 255 Edge Linking

2550 O] 25p 25 265 P55 p55 |0 0 | 254 255

255) 1| 25p 25 L b5 455 |2 255|255 2| 255

2550 1] 25p 25 1 25 P55 p55 12 2 | 254 255

or Tracing

2550 1| 25% 2%5 2p5 355 P55 |255 | 255) 259 255

255| O | 25% 295 2p5 255 P55 255 | 255) 259 255

sl ol of d d &s bss loss|2ss| 259 25 255 255| 258) 1| 1] 295 %5 455 |55 |255 | 255 255 255

255] 259 25F 285 255 2bs 5 bss pss | 255] 256 255 255 259 25p 295 2% 2pS 2p5 PS5 PS5 | 255| 259 255

© 00 N o o M~ wWw N = O
© 0O N oo g M wWw N =2 O

255| 255| 25b 255 295 285 455 Pss pss |255| 259 255 255) 255) 25p 2% 245 245 355 55 P55 |255| 254 255

Note:
Edge-Maps
with White
Background
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A n

Step 1:
Step 2:
Step 3:

Step 4.
Step 5:

Step 6:

Step 7:

254 O D 355
254 0 D 455

. . [259 259 259 2% 26 5 355
Edge Linking Al gor |*_éﬁ¢ﬁ“\

259 25 5 P55

Initialize the [abel-map and set the label variable to 1 (n = 1). I O R

Scan the edge-map row by row and column by column.

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.

Assign t he | curbeetedgdipxel. Nowg this duge is labeled.

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.
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.

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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: /' * assuming that the pixel values of
Program of Doing
. . unsigned cﬂgiedbg?ma %%’;%%%

Edge Li nki n guwongchaabema

static int CX, CYy ; Ihe estimated center of unlabeled edges/

static int newx newy; /*t he | ocati on opgi netka 0d

static doublemin dlstance

static int SX, SY;

static void ComputeCenterWithinWindowAint x0, int y0)

Edge-Map ) .

/' * update the pxppcy)&r 6s coordinat €:

255 259 254 295 295 25 455 }

e static void VerifyNextUnlabeledEdg@nt x, int y)

iZ 2 EZ f‘; ii ; ZZ I* verify the neighbor whether it is the nearest onetx,(pcy) */

259 25! of d 5 P55 }

259 259 25§ 295 2%5 5 255 ) ) i ) ) .

static void LinkEdgg(int X, inty, int n)
[* recursively link the edggixels */
Enain(intargq char **argv)
int X, y,n;
Label-Map _ .
n=1; sx=10; g 10; /I set the size of window to be 10x10

EEEEEXEED memse(dabelmap 255, 512*512) ; [tlear the content dabelmap

2550 259 25p 255 2§5 b5 P55

259 254 25§ 25f 295 2f5 155 for (y =1;y<511; y++) Encounter an Unlabeled Edge

259 259 25§ 25F 25 &5 155 for(x=1;x<511; x++])

259 259 257 2% 25 5 355 if (edgemafy*512+x] == 0 && labelmapy*512+x] == 255)

255 259 254 295 2fs s bss {

259 25§ 25} 2 2f5 P 355 ComputeCenterWithinWindowA, y);
LinkEdgeAtCurrentLocatiofx, v, n) Jldo edge linking
n++

}
}
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{static void VerifyNextUnlabeledEdggnt x, int y)

double distance ;

// the candidate must be unlabeled edge

if (edgtema{y*512+x] I= 0 [|labelmapy*512+x] != 255)
return ;

distance = sqrt((cxx)*(cx - X) + (cy- y)*(cy -Y)) ;
if (distance <min_distancg

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

Edgemap Labelmap

259 259 25§ 2% 2 Fs dss 259 254 254 295 295 5 455
255 259 off of 2}5 255 P55 255 259 25p 255 25 2p5 355

254 off 25§ 2965 P A5 355 259 259 25§ 25p 2f5 245 355
254 off 25§ 2% 2 b 155 259 254 25§ 25§ 245 25 455
z_sj_o 25§ 296 2 b 55 259 259 25§ 25p 2f5 25 155
254 25 5 55 254 259 254 296 2f5 b5 P55
254 258 25ff 2965 245 465 355

259 254 25§ 295 245 5 255

{static void ComputeCenterWithinwWindowAtCentiat x0, int y0)

int r,c,n;
Il use unlabeled edges to compute the center inside window
cx=0;¢cy=0;n=0; _ _ _
for (r =-syl2 ; r <syl2 ; r++) [/ r is the increment of row index
I c is the increment of column index
for (c =-sx/2; ¢ <sx/2 ; c++)
if (edgemaf{y0+r)*512+x0+c] == 0 &&
labelmajp(y0+r)*512+x0+c| == 255)

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

if (n!=0)

{

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

static void LinkEdgeAtCurrentLocatiofint x, int y, int n)

{ labelmagy*512+x] = n; /[* assign label to the edg¥
min_distance= 1000000.0 ;
/I Check what the next edge is to be linked

VerifyNextUnlabeledEdge-1, iﬁl) ; /I neighbor 1
VerifyNextUnlabeledEdge, y-1) ;  // neighbor 2
VerifyNextUnlabeledEdge+1,y-1); // neighbor 3
VerifyNextUnlabeledEdge-1,y) ; /[ neighbor 4

VerifyNextUnlabeledEdge+1,y) ;  // neighbor 5
VerifyNextUnlabeledEdge-1, y+1) ; // neighbor 6
VerifyNextUnlabeledEdge, y+1) ;  // neighbor 7
VerifyNextUnlabeledEdge+1, y+1) ; // neighbor 8

if (min_distancé= 1000000.0)
LinkEdgeAtCurrentLocatiofnewx newy n) ;

(NOTE: This is called Dynamic Programming)
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What are the possible outputs
from the process of edge linking?

A Linked Edges from Line Segments

A Linked Edges from Curve Segments

A Linked Edges from Circles

A Linked Edges from Ellipses

A Linked Edges from Closed Loops (e.g. triangles,
rectangles, polygons, etc)
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Estimation of Equation of Line

A Input:
I Alist of points as training set, which belong to a line.
0 Qi Awho)AQ miplgs re

A Output:
I The coefficients of the equation of line

DO OW W p

A Solution: Least-Squares Method

Observed Value

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

v @ o phQ Tipktiols &

wcpp P
5 |18 ¥ 8 G | o |8
W W p : P
ow 06 1

® (60) 06

Observed Value
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Example

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

A Answer:
10
y-3 8-3 : -
— 7 11,
x-2 10- 2 ; )
5 ;1 (4.3
| e
:_(x- 2)+3 1
8 1 2 34 5 &6 7 8 % 10

S5
:§X+Z = (ab)= (— —)
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Exercises

Find the equations of these straight lines.

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

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

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

robot?

A Answer: A Yoiona
a,21.0+b, =20 a, =10
a330+b =4.0 b, =1.0

a,21.0+b, =20 |:> a, =

a,23.0+b, =70 b,=-05
rC() ax(t)o a t+1.0 (”)
B8 %a 058

OGIobaI
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Estimation of Equation of Circle

A Input:

I Alist of points as training set, which belong to a circle.

0 Qi A(Ohd)HQ TipkgB R

A Output:
I The coefficients of the equation of circle
W ® W W i

A Solution: Least-Squares Method

~~
_________
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Solution

O B o & i fQ mipk
O OO O O OO O

» WO O O WO

O OO W O COW o

e é

O OO O O OO O

¢ é

§<
E(

— 4

— A

€
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Solution (continued)

~

o o N
(D~ 8 D~ 8

~

CO OWw O W O® O O o

CWw W (W o] D O W W
8 8 & 8

5 [co o cw ® o [&)] 5 loo o &
8 8 8

Cw & C0W W | w 0w 0 W
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Solution (continued)

COw W CW W 0 W
8 8 & 8

0O |CW W (W A (:)] 0 |lo o w o
8 8 8

W £ Cw W | » O O W,

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

20F
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Solution (continued)

Best fit: Radius =9.7; Center = (5.1,8.5)
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Example
A What are the parameters of the circle shown in the figure?
4
A

A Answer: L |

/
/
\
LY

L 2

[e—

-‘\ —— N W .h/hh
-Z

ax.q0 & 20 )

aSXCO x 0 / .

. 0= a2 6 S A3 2 LA 123 4 5,
0 &30 B

(i)erf (;3— -f
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Example

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

the gear6s three teeth are at the
and (x3, y3), what are the parameters of the circle which
envelopes the tips of all the teeth of the gear?

A Answer:
(% - %)+ (Y- Yo)°=r°
(% - %) +(Y,- ¥)° =r°

(Xg- %)+ (Ys- Yo)*=r7

(to continue) ®) | X

Local Local
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X - 2% X XS Y- 2y Y Y. =1
Xo = 2X X H X + Y5 - 2Y, Y + Y, =1

X5 - 2X Xt XS YT - 2y, + Yl =

20% - %)% t2(Y- Vo) Y. =X - %ty - Y,
206 - X )% t2(Yy- Vo)V =X - X5t i - Y5

(% - %) Y.~ Y,)8, X8 _ ng X5 + Y - yég
204 - %) Y- YU &ell - XE+y2- Vi
Circleds Center:

X8 2(% %) 2A%- V)8 OF-xE+yi-yie

- e u
S0 20 - %) 2y- V)l &3- X2 +y2- y2g
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éXcﬂ éz(xl- X,) 2(Y,- yz)g ﬂ X +y1 y22
Sl (% - %) 2y v S x4 y2

I J o W
I Jo o 0w W
I Jo o 0w W

Circleds Radi us:
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Outline of Lecture 1

F Iy o RO
. o »
7, .'l -"\-“!\r

A Representation of 3D Geometry
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Understanding 3D Geometry (1)

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

A 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

3-D Shape

A The appearance of physical
entities in a 3D space is
manifested in the form of 3D
shapes which are also called
objects.

cube

cylinder

sphere

pyramid

hexagonal
prism

cone

I-REHelnlal
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Example of Shapes in 3D Space

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

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

A 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?)

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

e

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

s Intersection at Curves

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

/ Intersection at Surfaces

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

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



Exam ple Edge Lines

Connected Between Points

Surfaces

Connected Between Lines Blocks
Connected Between Surfaces

-
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Understanding 3D Geometry (4)

A 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)

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

A 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
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Two Types of Parameters in Geometry

A Pose:

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

A Shape:

I It refers to surfaces of
entities with respect
to Local Coordinate
Systems assigned to
these shapes,
respectively.

global

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

r=(xY,2)

"Tohw) T
o) T
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Representation of Positions in 3D
Space with Time Constraints
c gé((t)o aaxt3+bt +ct+d, o

r(t) =ay(t)p= etayt +bt +ct+d, o
(1) 9 geazt +ht? +czt+d22

X(t aa. t? +bt+co
c ge()o aa,

r{t) =gy(t)p= aayt +ht+c, o
(1) 9 geazt +ht+c,?

ax(t)o aaXt+b 0
C & 0 0
rt) =ay(t) o= a@yt+bo
aez(t)_ 8%Zt+b 0
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Nanyang Technological University

Representation of Orientations Iin
3D Space

Unit Unit Unit
Vector Vector Vector

/)]

gx () x(t) xk(t)rg
Rt =&Y () Yy, () YOy
&z (t) z(t) zOY

X AXI SO0OY¥Y AXi sO0sZ Axi ¢

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

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

(Robot Arm)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Equivalent Axis and Angle of Rotation in 3D
Space

pr—
— A
— At p—

Y -

— A — A
— A — A
— A

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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Applications with Equivalent Axis and Angle

of Rotation: Animation / Planning
A Euler Equation:

~

Q

A .
. ~ o 2 - o b Rotation Axis
Q AlTJO QO Q¢
~ A vector
A Unit Axis of Rotation: A base vector
> Q
P 110170 Q p
A Angle of Rotation: —
\% Ep
A UnitQuaternion: 1 Q° AI(© OE+b EEEDP

A Rotation of Vector:
D N ¢ AI(© OE-+b ¢b

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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More About Quaternion
A Non-Unit Quaternion: n (fd) @& wwd ® O

A Unit Quaternion: n (Al ©0E+HD AT -6 OE+HD

Unit vector of axis of rotation 7

N~ J4 v ™

A Sum of Two Quaternions; "  whd 1 whd

n /& &hd b

A Multiplication of Two Quaternions: o 1 @hd
N én WO dédbh O Ob ® ®
A Equation of Rotatinga Vector: v mw 13 (Al 0 E+p

O A g0

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



Nanyang Technological University

Representation of Line - Type Shape
In 3D Space

T 0w wd QT

CQw Qw Qo Q T
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Representation of Curve - Type Shape
In 3D Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Representation of Spherical Shape
In 3D Space
® W 0w a [

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

66

MO WWw WA Q T
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Representation of Plane - Type Shape (e.qg.
Rectangle or Triangle) in 3D Space

ax+by+cz+d =0

(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

(X Yy 2,)
lo

/T -/

ax +by +¢z +d =0

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

- \/02+b2+c2
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Example

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

¥

Next Slide
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One exampl e e

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

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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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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 x,vy, z; short number _triangle;
} short  surface_type,;

}
3DSurface;

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

F Iy o RO
. o »
7, .'l -'-\-“!\r

A Computation of 3D Geometry
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Three Quest.| &f R

A What are the available
Input?

A What are the expected
outcomes? )

A 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?

Iyl

R Lecture 6

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

A Input:
I Alist of points as training set, which belong to a planar surface.

0 Qi A(whohy)RQ miplghs Fe

A Output:
I The coefficients of the equation of line

WO OO VA Q p

0.2

A Solution: Least-Squares Method ; ,

oY ¥ 0.8

O0.g

X2

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

A4
\

o w wx  Q phHQ ripkiofB &

® W a g, P
5 | 8 8 @ A o (8

W W o p P
oO® O

® (60) 06
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Example

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

Planar Surface Perpendicular to OXZ Plane

e
A Answer: X:aZ+b /PIanarSurfacePerpendicular Z
to OYZ Plane
y=czro R
(9.2,7) 7?1
~
9=7a+b 4=10a+b Al
2=7c+d 8=10c+d ]
X =t
27 1 0 Ofas 295 &g a7 1 0 05'39
x &0 & 0 &0
a0 0 7 5 aé)q 0 0 7 0 a@0
%0 1 0 &0 %ng 1 0 09 RO
5 . 58 & o 10 18 B
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Estimation of Equation of Spherical
Surface

A Input:
I A list of points as training set, which belong to a spherical surface.

0 Qi Awhohy)RQ miplghs FE

A Output:
I The coefficients of the equation of circle
®w ® 0w ® a i

A Solution: Least-Squares Method
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Solution
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Solution (continued)

(@ oo ¢v@ o ¢ e © © & O G d
(@ Mo @ Mo ¢ o ® o ® & & a

¢ 0o ¢ o ¢ o d® ® ©w © & a

Cw o CWw W C a a . 0)) W W (0)) a a
8 8 8 W 8

6 |0 © cw w ca | O |9 6 |o w O O a &
8 8 8 ) g

(w & (0 0 cd « » O W 0w a
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Solution (continued)

'cw W Cd) W Ca o - 0)) W W W a a
8 8 8 W 38

6 |0 w 0w ® ¢d af @ (W 6 |Jo ® w w a a
8 8 8 W 8

| C W € Cw w ca a ) 0 W W G (:]_

+  simulated points
« fittied sphere
#*  centre of the sphere circle
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Solution (continued)

\

O W W W d @ 1

\/c‘o 6 o & & & Ho ripkibs

Best fit sphere

— 4
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Example

A 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?

A Answer:

G e A =~

I R A AR CRE LS B AR
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Reference Coordinate System
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Solution

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

A Hint to first step: e o

vodosie n [ 59

X axis
Reference Coordinate System
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Summary of Lecture 1

A Concept of Knowledge Space
A Representation of 2D Geometry
A Computation of 2D Geometry
A Representation of 3D Geometry

A Computation of 3D Geometry
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Outline of Module 4

A Lecture 2:
I Fuzziness-Driven Computation

Cognition _
> _8 i)
£2
o
Recognition
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Lecture 2 of Module 4

Al 3.0
MA4829 Machine Intelligence

Fuzziness -Driven Computation

#

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

OWe are |living inside an

What is a system with intelligence inside?
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Outline of Lecture 2

Use of Natural Languages

Fuzziness of Natural Languages

(@)

Concept of Belil ef
Concept of Actiono

Computation of Conceptual Knowledge

o I P I Po o

Computation of Control Signals
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Outline of Lecture 2

A Use of Natural Languages
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Landscape of Authentic Al

A One Tool Symbol Grounding Signal Grounding
A Two Worlds —
A Three Intelligences

_ achine Intelligence
A Four Pillars

A

A Signal to Knowledge
A Knowledge to Knowledge y
A Knowledge to Signal

Knowledge
Representation
Knowledge
Perception
Knowledge
Computations
Knowledge
Applications

|
Artificial Intelligence

NEW FOUNDATION OF Computer-Aided Intelligence
ARTIFICIAL - N
INTELLIGENCE Human Intelligence
g o Natural Sciences Social Sciences
S Knowledge
Properties Constraints —

Conceptual Worlds

Human Languages
Physical World ¢

Human Intelligence
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What is a human language?

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

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

A Texts in conceptual worlds enable us to reconstruct
(l.e., decoding) the knowledge in the physical world.
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There Are Two Purposes for Human
Beings to Use Human Languages

A Knowledge Description (via Perception)
I From physical world to conceptual worlds

A Knowledge Understanding (via Reconstruction)
I From conceptual worlds to physical world

Issue of Issue of
Fuzzification Defuzzification

MIMO = Sum of MISOs = Sum of SIMOs
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Knowledge Description: lllustration

A Sense

A Cognize
A Recognize
A 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!
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Process of Knowledge Description

It involves two steps:

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

A Use of words, phrases and sentences to
encode the cognized, or recognized,
knowledge.
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Knowledge Understanding: lllustration

Worlds of Beliefs Worlds of Truths
(Person A)
Description

Conceptual Worlds The Physical World

Knowledge
of entities

Understanding

A Decode
A Recognize | (Person B)
A Visualize | (Machine C)
A Simulate
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Process of Knowledge Understanding

It involves two steps:

A To decode, or recognize, knowledge
from texts.

A To visualize, or simulate, the recognized
knowledge in the physical world.
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Outline of Lecture 2

A Fuzziness of Natural Languages
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Clearly, the sensory systems of human beings
could output accurate data to a certain extent
(this 1 s an advantage). For ¢

—_

A A car is moving.

Car 6s Si ze

A A car is following another car.
—— Car 0s Spee
A A car stops at a junction.

Car 6s Wei

A There is a pedestrian.
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It seems that our sensory systems intentionally
produce fuzzy outputs (this is an advantage). For

exampl e, &

Example 1 Example 2

A A car is moving very fast. A That truck is heavily loaded.

A A car is following another car A That car is very noisy.
closely.

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

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

Discussion: Is fuzziness about belief or vagueness?
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Challenges Faced by Authentic Al

A All knowledge in the physical world are crisp.

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

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

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

mm) Use of Belief

A Challenge 2: (Pillar No.4 of Al)

I How to transform fuzzy linguistic instructions into crisp
signals for action-taking or behavior-control?

mm)Use of Action

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Fuzzy Set Associated wit

A The sensory data
(255, 0, O0) could
trigger the belief of
red color.

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

A 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 wit

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

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

A 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!
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Outline of Lecture 2

A Concept of Beliefo
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Important Remarks

How is the traffic condition?

A The sensory
systems of human
beings could not
output crisp data.

A The sensory
systems of human
beings output

' Issue of Issue of
SENSory beliefs. Fuzzification Defuzzification

MIMO = Sum of MISO




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

A It 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
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What 1 s a beli efos fuz
A All the sensory data, LR N N
which could trigger a
same belief with different e,

D_

levels of possibility, 0 — _— "
consistofabel | ef 0 s ,_1 |
set. T
Crisp Values of Sensory Data
AHence, a bel |

set corresponds to a set
of
associated with

MIMO = Sum of MISO

Crisp Values of Sensory Data



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































