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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 …

House of Talent

Hub of Global Impact
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Remember NTU’s Mission …

House of Talent

Builder

Hub of Global Impact
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Education is to help citizens to fulfill their missions 
on Earth, which include: to understand the world 
and to improve the world …
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ABOUT YOU
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Remember your mission as MAE 
undergraduates …

• You are here to grow your knowledge 

and skills so as to be able to design 

machines with controllable behaviors 

and hopefully in some intelligent 

ways.
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How to fulfill your mission?
• To apply learnt knowledge and skills into the implementation of the 

following universal blueprint underlying all the intelligent machines 

or systems.

Systems

Under Control

Actual

Workspace

Control

Modules
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Modules

Planning

Modules

Digital
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User’s 

Instructions
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Perception
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Automation / Control Loop

Autonomy / AI Loop
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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 Common Sense …

Intelligence

Human 

Intelligence

Machine 

Intelligence

Mind-Centric 

Intelligence

Brain-Centric

Intelligence

Computational

Intelligence

Artificial

Intelligence

Computer-Aided

Human Intelligence

Mind-Centric 

Intelligence

(AI 1.0 and AI 2.0)

(AI 3.0)
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Why to study visual intelligence?
• The motivation is to 

achieve machine’s 

self-intelligence.

• More specifically, we 

aim at achieving the 

transformations from 

visual signals to 

cognitive states of 

knowing the 

meanings inside the 

visual signals.

Physical World

Human Languages

Conceptual Worlds

Properties Constraints

Knowledge

Natural Sciences Social Sciences

Human Intelligence

Computer-Aided Intelligence
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Copyright @ Ming Xie

“We are living inside an ocean of signals”

• One Tool

• Two Worlds

• Three Intelligences

• Four Pillars

Keys of AI
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Visual Signals

Roadmap of 

Visual Intelligence

What to learn?

1. Image Acquisition

2. Image Processing

From 2D Images to   

2D Scene 

From 2D Images to   

3D Scene

Vision

ActuatorsController

Sensors

Decisions
AI-Integrated Applications

Inverse Kinematics
Scenes

Signals

knowledge knowledge knowledge

Signals

Actions

Signals

Signal → Knowledge

Knowledge → Knowledge

Knowledge → Signal

Multiple AI Pipelines

knowledge knowledge

Knowledge

Representation

True Foundation of AI

1. Computing Geometry

2. Computing Fuzziness

3. Cognizing Knowledge

4. Recognizing Knowledge

knowledge

Lights      Photometry     Geometry     Conceptual Meanings
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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?
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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

Practice

MATLAB = No.1 AI Software

Should Seeing be Believing?

(Rapid Prototyping Software)

We are more affected by Beliefs than by Truths.
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Should Seeing Be Believing?
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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 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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Today’s Lectures …

• 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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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Visual Knowledge Representation

XIE Ming, PhD (France)

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

“We are living inside an ocean of signals”

What is a system with intelligence inside?

Module 2

MA4829 Machine Intelligence

AI 3.0

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

• Lecture 1: 

– Use of Natural Language 

• Lecture 2:

– Use of Technical 

Language

• Lecture 3:

– Use of Programming 

Language
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Outline of Module 2

• Lecture 1: 

– Use of Natural Language 

• Lecture 2:

– Use of Technical 

Language

• Lecture 3:

– Use of Programming 

Language
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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Use of Natural Language to 

Represent Knowledge

XIE Ming, PhD (France)

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

“We are living inside an ocean of signals”

What is a system with intelligence inside?

Lecture 1 of Module 2

MA4829 Machine Intelligence

AI 3.0

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

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?

Cognition

Recognition

KnowNet

Physical 

Knowledge

Conceptual 

Knowledge
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Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?

Cognition

Recognition

KnowNet

Physical 

Knowledge

Conceptual 

Knowledge
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What is a Natural Language?

• It is a set of words and rules for the 

purpose of projecting knowledge of 

the physical world into the texts which 

form conceptual worlds.
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Evolution of Natural Languages …
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History of English Language …
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Definition of Word in English

• A word is a string of characters (or strokes or 

others), which refers to a specific meaning in the 

physical world.

• Each word has:

– A visible string of characters

– Invisible types or constraints
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Definition of Vocabulary in English

• A set of words in a 

human language is 

called the 

vocabulary.
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Definition of Grammar in English

• The set of rules, which govern the properties 

and constraints of words in a human language, 

is called grammar.

• Grammar imposes:

– Rules which constrain words

– Rules which combine words
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Types of Sentence in English

• Simple sentences

– The robot starts working at 8h30 daily.

• Compound sentences

– Robot A is doing assembly and robot B is doing painting.

• Complex sentences

– I look at the robot which is doing material handling.

• Requests

– Enjoy your study! Have a nice day! Hand in the reports by 2 
pm.

• Commands

– Finish the works by 5 pm! Enter the building! Switch off the 
light!

• Exclamations

– What a wonderful robot! Isn’t the robot crazy!
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Models of Sentence in English

• Noun phrase + Verb Phrase + Noun Phrase

– He asks Teacher for helps.

• Subject + Verb + Object 1 / Object 2 …

• Subject + Verb + Indirect Object + Direct Object

– The teacher gives us three assignments.

– The robot brings me a drink.

• Subject + Verb + Object + Object Complement

– We complete the assignments timely.

Subject + Verb + Object + Adverbial (Adverb/Preposition)

 He finished all the lectures happily yesterday

 The robot picks up a key from a table.
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Models of Questions in English

• Yes/No Questions

– Verb + Subject

• Is this machine a robot?

• Can a robot kill us?

• WH- Questions

– Verb + Subject + Verb

• Who give you that robot?

• How many hours can the robot work?

• Tag Questions

– Declarative sentence + Question Tag

• A robot can do dirty jobs, isn’t it?

• He has not yet bought any book, has he?
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Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?

Cognition

Recognition

KnowNet

Physical 

Knowledge

Conceptual 

Knowledge
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How to represent entities?

• Use of Nouns

• Use of Noun-Phrases
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Example 1

• Sky

• Red Bridge

• River

• Dark Cloud

• Mountain

• etc.

50 Beautiful HDR Images from 50 World Cities

http://bighugelabs.com/onblack.php?id=2176897085&size=large
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Example 2

• Narrow Street

• Small Car

• Building

• Big House

• etc.

50 Beautiful HDR Images from 50 World Cities

http://www.flickr.com/photos/8088437@N04/2319554292
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Example 3

• Night City

• Highway

• Light

• Complex Network

• etc.

50 Beautiful HDR Images from 50 World Cities

http://www.flickr.com/photos/stuckincustoms/310074290


Nanyang Technological University

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

Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?
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Knowledge
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How to represent systems?

• Use of Phrases

• Use of Sentences
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Example 1

• A robot manipulator is a motion 

system which consists of joints, 

links, motors, sensors and 

controllers, etc.
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Example 2

• A vehicle is a mobile system which consists of engine, transmission, 

wheels, chassis, electronic control unit, sensors, lighting devices, 

communication devices, seats, doors, etc.
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Example 3

• A production line is a material flow system which consists of conveyors, 

workstations, equipment, controllers, sensors, displays, communication 

devices, etc.
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Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?
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How to represent interactions?

• Use of Verbs

• Use of Verb-Phrases
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Example 1

• Run

• Run fast

• Swing by Leg

• Push by Leg

• Land by Foot

• etc.
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Example 2

• Squeeze

• Compress

• Flatten

• Hold

• Grasp

• etc.
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Example 3

• Pick

• Place

• Move

• Follow

• Open

• Close

• etc.
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Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?
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How to represent events?

• Use of Sentences

• Use of Paragraphs
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Example 1

• A lady sings emotionally with a 

loud voices.

• A boy sings happily with eyes 

closed.
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Example 2

• A dancer is performing on a stage. She waves her arms and swings 

her legs alternatively while other dancers are standing still behind 

the scene.
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Example 3

• A car is following a moving 

target. When the moving 

target accelerates, it also 

accelerates. When the 

moving target stops, it 

stops as well. When the 

moving target changes 

direction of movement, it 

also changes its direction 

of motion.
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Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?

Cognition
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Physical 

Knowledge

Conceptual 

Knowledge
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How to represent episodes?

• Use of Paragraphs

• Use of Lengthy Texts
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Example 1

• A robot arm picks up a bottle 

at incoming conveyer, and 

places it into a specific 

location inside the box at 

outgoing conveyor. It repeats 

the operations until the box is 

full.
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Example 2

• An AGV transports part 

A into the workspace. A 

conveyor transports part 

B into the workspace. A 

robot arm picks up part 

A and places it onto the 

outgoing conveyor. The 

robot arm picks up part 

B and inserts it into part 

B.
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Example 3

A robot arm is performing the 

following actions:

• To pick up a bar of one 

colour

• To place it onto the table 

of the same colour

• Repeat for the rest of three 

bars

• To pick up the bar on a 

table

• To place it to the middle of 

the table

• Repeat for the rest of three 

bars
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Outline of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?
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Recognition

KnowNet

Physical 

Knowledge
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How to represent stories?

• Use of Texts Organized into Books

• Use of Texts Organized into Reports

• Use of Texts Organized into Articles
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What I have done …
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Summary of Lecture 1

• Invention of Natural Language

• Representation of Entities

• Representation of Systems

• Representation of Interactions

• Representation of Events

• Representation of Episodes

• Representation of Stories
• Were is what?

• Where is who?

Cognition

Recognition

KnowNet

Physical 

Knowledge

Conceptual 

Knowledge
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Outline of Module 2

• Lecture 1: 

– Use of Natural Language 

• Lecture 2:

– Use of Technical 

Language

• Lecture 3:

– Use of Programming 

Language
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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Use of Technical Language to 

Represent Knowledge

XIE Ming, PhD (France)

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

“We are living inside an ocean of signals”

What is a system with intelligence inside?

Lecture 2 of Module 2

MA4829 Machine Intelligence

AI 3.0

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

• Invention of Technical Language

• Representation of Vectors

• Representation of Matrices

• Representation of Lines

• Representation of Curves

• Representation of Surfaces

From Fuzzy to Crisp
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Outline of Lecture 2

• Invention of Technical Language

• Representation of Vectors

• Representation of Matrices

• Representation of Lines

• Representation of Curves

• Representation of Surfaces

From Fuzzy to Crisp
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What are technical languages?

Answer:

• They are the extension of natural languages

• They are in the forms of symbols and equations, 

which describe the properties and constraints (i.e. 

knowledge) in the physical world so as to facilitate 

compact representations and precise 

computations manually and/or automatically.
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Is a technical language an invention?
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How are technical languages invented?
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Example of Using Technical Language

• How to scientifically provide knowledge to the player 

for him/her to score the shooting of a basketball in 

the following scenario?
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Answer
• To launch the ball at the height of 2.0 meters within a vertical 

plane.

• To launch the ball at the angle of 45.0 degrees with the initial 

speed of v0, which is calculated by using the following two 

equations:

tvx

tgtvy

)45cos(0.10

)(
2

1
)45sin(0.205.3

0

0

20

0

==

−+=−=

To apply force F0 for 0.2 seconds 

to generate v0. F0 is calculated 

from:

2.0

0
0

mv
F =
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A Demonstration …
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Outline of Lecture 2

• Invention of Technical Language

• Representation of Vectors

• Representation of Matrices

• Representation of Lines

• Representation of Curves

• Representation of Surfaces

From Fuzzy to Crisp
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What is a vector?

• It is a list of one-

dimensional elements, 

each of which 

represents a meaningful 

value.

• A vector has a head

• A vector has a tail

• A vector has a length

• A vector has a phase



Nanyang Technological University

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

Example of Vectors in 2D Space
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Transformation of Vectors in 2D Space
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Example of Vectors in 3D Space
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Transformation of Vectors in 3D Space
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Example of Feature Vector or Knowledge 
Vector of Higher Dimensions …

𝑉𝑘 = { 𝑓1, 𝑓2, … , 𝑓𝑖 , … 𝑓𝑛 , 𝑖 = 1,2, … , 𝑛}

𝑓𝑖: i-th feature or meaningful value  
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Example of RGB Color Vectors

• At location (0, 0), red = 21, green = 231, blue = 110
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What is a matrix?
• If we consider a vector is a one-dimensional matrix, a matrix of 

dimension N is a list of vectors of dimension N-1.

3D Matrix of Voxels
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Example of 2D Image Representation

2D Matrix of Elements
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In general, an image is represented as a 
2D matrix of meaningful pixel vectors …

x

𝑃𝑖,𝑗 = { 𝑓1, 𝑓2, … , 𝑓𝑘 , … 𝑓𝑛 , 𝑘 = 1,2, … , 𝑛}

𝐼 = {𝑃𝑖,𝑗 , 𝑖 = 0,1,2, … ; 𝑗 = 0,1,2, … }

2D Matrix of Pixel Vectors

Pixel

Vector
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Example of 3D Scene Representation

3D Matrix of Vectors
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More Examples …

Boundary Representation Method 

Voxel Representation Method 
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In general, a scene is represented as a 3D 
matrix of meaningful voxel vectors …

x

𝑉𝑖,𝑗,𝑘 = { 𝑣1, 𝑣2, … , 𝑣𝑛, … , 𝑣𝑚 , 𝑛 = 1,2, … ,𝑚}

S = {𝑉𝑖,𝑗,𝑘 , 𝑖 = 0,1,2, … ; 𝑗 = 0,1,2, … ; 𝑘 = 0,2, … }

3D Matrix of Voxel Vectors

Voxel

Vector
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What is a straight line?

• It refers to a set of 

consecutive points in which 

the gradients of coordinates 

are constant.

• A line does not change 

direction.

• A line does not have 

curvature.

• A line’s thickness is 

constant.
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Equation of Lines in 2D Space

𝑥 − 𝑥1
𝑦 − 𝑦1

=
𝑥2 − 𝑥1
𝑦2 − 𝑦1

𝑎𝑥 + 𝑏𝑦 + 𝑐 = 0
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Transformation of Lines in 2D space

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤

= 𝑅2𝑥2
𝑥
𝑦

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤

= 𝑇2𝑥1 +
𝑥
𝑦
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Equation of Lines in 3D Space

𝑥 − 𝑥1
𝑧 − 𝑧1

=
𝑥2 − 𝑥1
𝑧2 − 𝑧1

𝑥 − 𝑥1
𝑦 − 𝑦1

=
𝑥2 − 𝑥1
𝑦2 − 𝑦1

𝑥
𝑦
𝑧

=

𝑥0
𝑦0
𝑧0

+ 𝑘 ∙ Ԧ𝑣

and

or:
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Transformation of Lines in 3D Space

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑅3𝑥3

𝑥
𝑦
𝑧

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑇3𝑥1 +
𝑥
𝑦
𝑧
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What is a curve?

• It refers to a set of consecutive 

points in which the gradients of 

coordinates are not constant. 

• A curve does not have a constant 

direction.

• A curve’s thickness is constant.
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Equations of Curves in 
2D Space

• Equation of Circle:

• Equation of Parabola:

(𝑥 − 𝑥0 )2+(𝑦 − 𝑦0 )2= 𝑅2

𝑦 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐
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Transformation of Curves in 2D space

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤

= 𝑅2𝑥2

𝑥
𝑦

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤

= 𝑇2𝑥1 +
𝑥
𝑦
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Equations of Curves in 3D Space

𝑥
𝑦
𝑧

=

𝑥1
𝑦1
𝑧1

∙ 𝑡 +

𝑥0
𝑦0
𝑧0

𝑥
𝑦
𝑧

=

𝑥2
𝑦2
𝑧2

∙ 𝑡2 +

𝑥1
𝑦1
𝑧1

∙ 𝑡 +

𝑥0
𝑦0
𝑧0

𝑥
𝑦
𝑧

=

𝑥3
𝑦3
𝑧3

∙ 𝑡3 +

𝑥2
𝑦2
𝑧2

∙ 𝑡2 +

𝑥1
𝑦1
𝑧1

∙ 𝑡 +

𝑥0
𝑦0
𝑧0

𝑥
𝑦
𝑧

=

𝑥4
𝑦4
𝑧4

∙ 𝑡4 +

𝑥3
𝑦3
𝑧3

∙ 𝑡3 +

𝑥2
𝑦2
𝑧2

∙ 𝑡2 +

𝑥1
𝑦1
𝑧1

∙ 𝑡 +

𝑥0
𝑦0
𝑧0

so on …
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Transformation of Curves in 3D Space

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑅3𝑥3

𝑥
𝑦
𝑧

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑇3𝑥1 +
𝑥
𝑦
𝑧
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What is a surface?

• It refers to a 2D matrix of 

massively interconnected 

points.

• A surface has a normal vector 

at each of its points.

•  

• A surface does not have 

volume.

• Two surfaces could intersect 

each other.
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Equation of Planar Surfaces

𝑎 ∙ 𝑥 − 𝑥0 + 𝑏 ∙ 𝑦 − 𝑦0 + 𝑐 ∙ 𝑧 − 𝑧0 = 0

Or:

𝑎 ∙ 𝑥 + 𝑏 ∙ 𝑦 + 𝑐 ∙ 𝑧 + 𝑑 = 0
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Transformation of Planar Surfaces in 3D Space

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑅3𝑥3

𝑥
𝑦
𝑧

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑇3𝑥1 +
𝑥
𝑦
𝑧
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Equation of Spherical Surfaces

(𝑥 − 𝑥0 )2

𝑅𝑥
2 +

(𝑦 − 𝑦0 )2

𝑅𝑦
2 +

(𝑧 − 𝑧0 )2

𝑅𝑧
2

= 1

Or:

𝑥 = 𝑥0 + 𝑅 ∙ cos(𝜃)

y = 𝑦0 + 𝑅 ∙ sin(𝜃)

z = 𝑧0 + 𝑅 ∙ cos(𝜑)
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Transformation of Planar Surfaces in 3D Space

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑅3𝑥3

𝑥
𝑦
𝑧

𝑥𝑛𝑒𝑤
𝑦𝑛𝑒𝑤
𝑧𝑛𝑒𝑤

= 𝑇3𝑥1 +
𝑥
𝑦
𝑧
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Summary of Lecture 2

• Invention of Technical Language

• Representation of Vectors

• Representation of Matrices

• Representation of Lines

• Representation of Curves

• Representation of Surfaces
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Outline of Module 2

• Lecture 1: 

– Use of Natural Language 

• Lecture 2:

– Use of Technical 

Language

• Lecture 3:

– Use of Programming 

Language
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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Use of Programming Language to 

Represent Knowledge

XIE Ming, PhD (France)

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

“We are living inside an ocean of signals”

What is a system with intelligence inside?

Lecture 3 of Module 2

MA4829 Machine Intelligence

AI 3.0

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

• Invention of Programming Language

• C-Like Programming Languages

• Use of Programming Languages
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Human Languages Include Three Types:

• Natural Languages:

– Spoken Languages (Natural Languages)

– Written Languages (Natural Languages)

• Technical Languages 

– Mathematics

• Programming Languages

– C 

– C++, C#, Java, …

– Python, etc

They are the extensions 

to Natural Languages
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What are programming languages?

Answer:

• They are the extension of natural languages

• They are in the forms of instructions and 

functions, which facilitate the translation of 

knowledge flows (e.g., algorithms) into 

executable programs by computers.
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Why to invent programming 
languages?

• Knowledge could be perceived.

• Knowledge could be represented.

• Knowledge could be computed 

manually.

• Knowledge could be computed 

automatically.
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Early History of Programming Languages 
…
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Popular Programming Languages …
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MATLAB

A Family Tree of Programming Languages
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Outline of Lecture 3

• Invention of Programming Language

• C-Like Programming Languages

• Use of Programming Languages
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Basics of Memory (1)
• Memory is a place in which we store raw data, 

processed data and programs.

• Memory is generally divided into two types: a) data 

memory, b) program memory.

Data

Programs

PC = Program Counter

PC

Variables

Memory includes:

1. Registers

2. RAM

3. VRAM

4. HD, etc
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Basics of Memory (2)
• Physically, a memory is a one-dimensional 

vector of basic memory units (i.e. bytes).

• Conceptually, a memory is a two-dimensional 

space of knowledge (i.e., labels, values, 

addresses).

0x000A0001

0x000A0002

0x2B

0xC1

Value
Address

0x2B = 0010 1011

0xC1 = 1100 0001

Basic 

Memory 

Units

Bytes

Address

Range

Value

Range

*x

Address

Range

Value

Range

x

x

&x

Use memory label x to 

represent variable addresses

Use memory label x to 

represent variable values

Call x as variable in short

Call x as variable in short
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Basics of Memory (3)
• Each memory unit has three knowledge: 1) 

conceptual knowledge named as “memory label”, 

2) physical knowledge named as “memory 

address”, and 3) physical knowledge named as 

“memory content” or “memory data”.

• There are two types of memory label: 

Memory

Labels Named as 

Variables

Memory

Labels Named as 

Pointers

Memory

Addresses
Memory

Values

Memory

Addresses

Memory

Addresses

Conceptual Knowledge of Memory

Physical Knowledge of Memory

Access to Access to

Access to Access to Access to Access to
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How to declare and create memory 
labels which hold constants in C?

#define   WIDTH    512

#define   HEIGHT  512

enum Color  {Red, Green, Blue} ;

void  foo()

{

     Color   color_of_my_cloth;

     color_of_my_cloth = Red ;

}

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label

Enumerated entries
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How to declare and create memory labels to 
represent variable values/addresses in C?

• Declare memory labels to hold variable values

• Declare memory labels to hold variable addresses 

(pointers)
0x000A0001

0x000A0002

0x2B

0xC1

Value
Address

0x2B = 0010 1011

0xC1 = 1100 0001

Basic 

Memory 

Units

char : character (1 Byte or 8 bits)

short : an integer of 2 Bytes (16 bits)

int : an integer of at least 16 or 32 bits

long : an integer of at least 32 or 64 bits

float : a real number of single precision

double : a real number of double precision

(the qualifier “unsigned” can be applied for an integer)

Bytes

int          x, y, *a ;

double   z, *b ;
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How to assign numbers to memory labels?

void foo()

{

     int    x, y ;

     x = 2 ;   

     y = 10 ;

}

a) directly

void foo()

{

     int    x, y, z ;

    

     x = 2 ;  

     y = 10 ;

     z = (x*x + y*y) ;

}

b) by arithmetic expression

void foo()

{

     int    x, y, z ;

     

     x = 2 ;   

     y = 10 ;

     z = sqrt(x*x + y*y) ;

}

c) by a function call

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label
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How to declare and create 
functions in C programming 
language?

• A function has:

– Name (i.e. also a memory 

label which holds an 

address)

– Input

– Output

– Body of Instructions

int GetStudentNumber(input)

{

     int     nb_student ;

            …...

     return nb_student ;

}

void PrintName(input)

{

     printf(“\n> my name is XM”) ;

}
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If a program is very long, it is wise to 
functionally divide it into a set of files:

Problem:

 How to handle the visibility of memory labels and functions

 across the files ?

Programs

(applications)

File 1

  (user interface)

File 2

 (image display)

File 3

 (image processing)

…...

Engineer 1 Engineer 2 Engineer 3
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How to handle the visibility of memory 
labels and functions across the files in C ?

• The qualifier “static” indicates that memory labels or functions are visible 

within a same file.

• The qualifier “extern” indicates that memory labels or functions are 

visible across all files.

• By default, without any qualifier, a memory label is visible globally or just 

within a function.

int            x,  y ;

static  int  z ;

void f1()

{

     double   a ;

     a = 1.3 ;   z = 8 ; x=3;

}

File 1

extern int   x,  y ;

static  int   z ;

double      n ;

static void f2()

{

     n = 1.5 ; y = 2 ; z = 9;

}

File 2

extern int            x,  y ;

extern double     n ;

void f3()

{

     f1() ;

     n = 1.2 ; x = 10 ; y = 1;

}

File 3
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For the purpose of preventing data interference 
or conflict, it is important to enforce the use of 
visibility constraints:

Rule 1

• By default, always 

declare the memory 

labels and functions with 

the qualifier “static” (this 

is to make them only 

visible within a file).

Rule 2

• If a memory label or 

function has to be visible 

across all files, use the 

qualifier “extern” explicitly 

in a conjugate header file 

such as “name.h”.
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Example of Applying Rule 1

static int       x,   y ;

static   void   InitApplication()

{

     x = 0 ;   y = 0 ;

}

void   main()

{

         InitApplication() ;

}

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label
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Example of Applying Rule 2

char lecture_name[100];

int GetStudentNumber()

{

     int   nb_student ;

     return nb_student ;

}

main()

{

     ….

}

toto.c

extern char lecture_name[100];

extern int GetStudentNumber() ;

toto.h

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label
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More Examples …

#include “printcoursename.h”

int     subject_code ;

main(int argc, char **argv)

{

     subject_code = 4829 ;

     PrintCourseName() ;

     subject_code = 4825 ;

     PrintCourseName() ;

    

}

whatiscoursename.c

extern int     subject_code ;

whatiscoursename.h

#include   <stdio.h>

#include   “whatiscoursename.h”

void  PrintCourseName()

{

     if (subject_code == 4829) 

          printf(“\n Machine Intelligence”);

     else

     if (subject_code == 4825)

         printf(“\n Robotics”);

     else

         printf(“\n Unknown Course !”) ;

}

printcoursename.c

extern void     PrintCourseName() ;

printcoursename.h
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Special Attention to: Pointer

• In C programming language, a pointer is a memory label which holds variable 

addresses. With a memory label, we could retrieve both the value and address, 

which are referenced by the memory label.

0x000A0001

0x000A0002

0x2B

0xC1

0x2B = 0010 1011

0xC1 = 1100 0001

Value
Address

void  foo()

{

     int   x, *y, z  ;

     x = 0x2BC1 ;

     y = &x ;

     z = *y ;

}

In this example, the address of a memory label x is 

accessed by “&x” (i.e. ampersand x). 

In this example, y is a memory label, which holds variable 

addresses. The value stored at address y is *y.

In this example, x=0x2BC1 while &x = 0x000A0001. So, 

we can do y = &x. When we do z = *y, then z = x.

Vector of Bytes

(NOTE: You may change “int” to “long” for today’s computers)

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label
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Example of Using Pointer in C
• y is a memory label which holds variable addresses.

• Address 0x000A0001 is assigned to y.

• Value 0xABCD is stored to the memory cell addressed by y.

void   foo()

{

    int    *y ;

    y = 0x000A0001 ;

    *y = 0xABCD ;

}

0x000A0001

0x000A0002

0xAB

0xCD

0xAB = 1010 1011

0xCD = 1100 1101

Value
Address

Vector of Bytes

(NOTE: You may change “int” to “long” for today’s computers)

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label
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Entry Point of C Program

• A C-program always starts with 

the “main()” function !!!

• A  function may have many 

arguments as input. 

• The “main()” function is always 

activated by a “shell” program of 

the operating system:

Hardware (processor)

OS (Operating System)

shell shell shell
…...

application application application

Bit

Address

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label



Nanyang Technological University

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

Entry Point of C Program 
(continued)

• What does the pointer inside “main(int argc, char **argv)” mean ?

• Memory label “argv” holds the first address of a list of pointers, each 

of which stores an address. “argv+1” holds the second address in 

the list.

0x00FFFFB0 0xAA

0xBB

This value is an address

argv = 0x00FFFFB0

0x00

0x28

0xAABB0028

…...

0xDE

argv = 0x00FFFFB0;

argv[0] = 0xAABB0028;

*argv[0] = 0xDE; 

An ASCII Code

0x00
0xFF
0xFF
0xB0

**argv = *argv[ ]; 

Program memory

Data memory

List of pointers

Address

Bit

Two-dimensional Space:

1. Memory Content

2. Memory Address

3. Memory Label

Address of First Pointer
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How to translate the ASCII coded file(s) 
of a program into an executable binary 
file in C ?

a) To use Compiler to convert ASCII coded files into computer-readable 

files (i.e., binary or “object” files named in computer science).

  (*.c --> *.o)

b) To use Linker to combine the “object’ files and the needed “object” 

files of invoked library functions into executable file.

  (*.o + *.a  --> executable file) 

• Program Compilation

• Word Embedding/Encoding

An archived file is a binary file in which reusable functions are pre-stored
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Example #include <stdio.h>
#include <math.h>

main(int argc, char **argv)
{
     printf(“\n The square root of 9 is: %f”, sqrt(9.0)) ;
}

toto.c

Step 1: Conversion of ASCII coded program file into “object” file:

 INPUT:  toto.c

 OUTPUT:  toto.o

 COMMAND: cc  -c  toto.c             

   (this will generate toto.o)

Step 2: Linking of our object file(s) and the object file(s) of invoked function(s) into an

                   executable file:

 INPUT:  toto.o and  libm.a

 OUTPUT:  toto

 COMMAND: cc -o toto  toto.o  -lm

   (“-lm” means to link with object files inside library libm.a)

   (the result will be an executable file named “toto”)
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Outline of Lecture 3

• Invention of Programming Language

• C-Like Programming Languages

• Use of Programming Languages
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Programming Language versus Natural Language

Programming Language

• Memory labels (Variable values, 

Variables addresses, and 

Constant values, etc)

• Types of Labels

• Syntax

• Instructions/Expressions

• Functions

• Comments

Natural Language

• Words (Properties, 

Constraints, and 

Identities, etc)

• Types of Words

• Grammatical Rules

• Sentences

• Chapters

• Footnotes

Translation
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Programming Languages Include Two Types:

• Instructing Languages: Languages 

for users to write programs with 

the help of instructions:

– Reusable instructions

– Sharable instructions

– Libraries of instructions

• Scripting Languages: Languages 

for users to write scripts with the 

help of commands:

– Reusable commands

– Sharable commands

– Folders/Libraries of commands
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Example of Program:
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Example of Script
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1st Purpose of Using Programming Languages

• To computerize human intelligence in various domains

• Automatic Computations

• Automatic Data Processing

• Automatic Decision Making

• Automatic Control, etc.
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Example: Motion Signals Enable Automation …
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2nd Purpose of Using Programming Languages

• To design and deploy machine self-intelligence for interaction/collaboration

Entity

A

Entity 

B

Use of

Languages

1. Meaningful stories

2. Meaningful intentions

3. Algorithms

4. Commands/Instructions

5. Questions/Inquiries, etc.

“We are living inside an ocean of signals”

Human Beings

Machines

Robots

Human Beings

Machines

Robots
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Example: Visual Signals Enable Autonomy …
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How to use a programming language? 

Compiler

Executable 

File
LinkerLibrary

Editor

user

ANSWER:  To use IDE which includes:

 - Editor

 - Compiler

 - Linker

 - Loader

 - Debugger

MATLAB has its own IDE

IDE: Integrated Development Environment
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Procedure of Using Programming 
Languages in General

Algorithms Programs ComputersInput

Data
Output

Results

1. Human readable 1. Human readable

2. Computer readable

1. Computer readable

Goals IDE

IDE: Integrated Development Environment

Automation/Autonomy

How to allocate memories? How to plan computations?
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Procedure of Planning Computations

• Step 1: Describe your solution in the form of mathematics or 

logics.

• Step 2: Transform your solution into algorithms which consist 

of series of arithmetic and/or logical computations.

• Step 3: Draw flowcharts which interconnect arithmetic and/or 

logical computations in terms of their inputs and outputs.

• Step 4: Describe flowcharts with the use of a programming 

language.
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Example of Transforming Solution into 
Algorithm

𝑎𝑥2 + 𝑏𝑥 + 𝑐 = 0

𝑥1 =
−𝑏 + 𝑏2 − 4𝑎𝑐

2𝑎

𝑥2 =
−𝑏 − 𝑏2 − 4𝑎𝑐

2𝑎

𝑧 = 𝑦

𝑦 = 𝑏2 − 4𝑎𝑐

𝑥1 =
−𝑏 + 𝑧

2𝑎

𝑥2 =
−𝑏 − 𝑧

2𝑎

First do:

Then do:

Then do:

Then do:

Solution:                               Algorithm:
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Example of Translating Algorithm into 
Flowchart (i.e., Data Flow Diagram)

𝑦 = 𝑏2 − 4𝑎𝑐

If y < 0
YesNo

𝑥1 =
−𝑏 + 𝑧

2𝑎

𝑥2 =
−𝑏 − 𝑧

2𝑎

Results No Results

𝑦 = 𝑏2 − 4𝑎𝑐

𝑧 = 𝑦

(a, b, c)
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Example of Translating Flowchart into 
Program (i.e., Flow of Instructions)

void ComputeRoot(int a, int b, int c, double *x1, double *x2)

{

 int x, y, z ;

 y = b*b – 4*a*c ;

 if (y >= 0)

 {

  z = sqrt(y) ;

  *x1 = (-b + z)/(2*a) ;

  *x2 = (-b – z)/(2*a) ;

 }

}

(a, b, c)
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Summary of Lecture 3

• Invention of Programming Language

• C-Like Programming Languages

• Use of Programming Languages



Nanyang Technological University

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

Summary of Module 2

• Lecture 1: 

– Use of Natural Language 

• Lecture 2:

– Use of Technical 

Language

• Lecture 3:

– Use of Programming 

Language
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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Thank You for Listening!

“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
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