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Vision and Mission

About NTU

A great global university 

founded on science and 

technology, nurturing 

leaders and creating 

societal impact through 

interdisciplinary education 

and research.
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Leadership

Professor Ho Teck Hua
President and Distinguished University Professor

About NTU

Professor Christian Wolfrum
Deputy President and Provost
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Ranked Among the Best in the World

About NTU
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NTU 2025 Strategic Plan

Addressing humanity’s grand challenges:

➢ Mitigating our impact on the environment 

➢ Harnessing the science, art and technology of 

learning

➢ Addressing technology’s impact on humanity; 

➢ Responding to the needs and challenges of 

healthy living and ageing

NTU 2025 reinforces NTU’s strong 

commitment to the four core pillars 

of the University: 
  

• Education 

• Research 

• Innovation 

• Community

About NTU
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15-Year Sustainability Manifesto

Solidifying the University’s position

as a global leader in sustainability

➢ NTU’s sustainability manifesto goals: carbon neutrality by 2035, 

halve net energy utilisation and new sustainability courses 

➢ First university in the world to launch a sustainability-linked bond 

with an AAA credit rating from Moody’s

➢ Sustainable campus with eight zero-energy buildings, the most 

amongst organisations in Singapore

➢ Home to two of Asia's largest wooden buildings, Gaia and The 

Wave

➢ Winner of ISCN's Whole Systems Approach Excellence Award in 

recognition of sustainable practices in the areas of research, 

education, community engagement, and infrastructure 

developments

About NTU
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Main Campus

The NTU Smart Campus is a living testbed of tomorrow’s technologies and frequently 

named among the most beautiful campuses in the world. 

200 hectares 25 halls of residenceState-of-the-art-facilities

About NTU
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Medical Campus

Home to the Lee Kong Chian School of Medicine in Novena, Singapore’s healthcare district. 

The school aims to be a model for innovative medical education and a centre for 

transformative research.

School of Medicine Sports and recreation Learning and research

About NTU
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At a Glance

35,400 students 
24,800 undergraduates

10,600 postgraduates

faculty, researchers and

staff from 73 countries

8,000

300,900 alumni
representing 172 nationalities

About NTU
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NTU Academy for Professional and Continuing Education

➢ Consolidates continuing education and 

training capabilities and expertise within 

the University

➢ Enriches the lifelong learning experience 

of adult learners, including the 

University’s alumni, making it easier for 

them to take charge of their own 

continuing education

➢ The FlexiMasters programme for 

continuing education at the Master’s 

degree level, launched in 2020, has 

grown to more than 35 curricular 

offerings from all parts of the University

About NTU
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Global Alliance of Industries @ NTU

• Catalysing new university-industry partnerships through multiple 

consortia, corporate laboratories, multidisciplinary institutes and 

technology invention disclosures

• Over 250 industry partners and 20 corporate and joint labs with 

global entities such as Alibaba, Continental, Hewlett-Packard, 

Nanofilm Technologies, Rolls-Royce and Schaeffler

About NTU
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Top Industry Partners 

About NTU
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Top Academic Partners 

Australian National UniversityNortheastern University

Imperial College London Karolinska Institute 

University of TorontoIndian Institute of Technology, Madras

UC Berkeley

Tsinghua University

TUM

University of British Columbia

Seoul National University

University of Pennsylvania

About NTU
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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence
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ABOUT SPEAKER
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Professor Xie Ming has been:

• Dean/Professor, School of Electrical Engineering and Control 

Science, Nanjing Tech University, China.

• Guest Professor, Huazhong University of Science and 

Technology, China.

Professor Xie Ming is now:

• President, Robotics Society of Singapore

• Editor-in-Chief, International Journal of Humanoid Robotics.

• Associate Professor, Nanyang Technological University, 

Singapore.

Professor Xie Ming has published:

• Three books in English

• Two edited books in English

• Two books in Chinese

• Over 40 International Journal Papers

• Over 100 International Conference Papers

Professor Xie Ming has received many awards and over 10 

granted patents.
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Ming XIE
Associate Professor (1999 - present) 
http://personal.ntu.edu.sg/mmxie

Knowledge

Innovation

Technology

Innovation

Product

Innovation

Social

Service

1984: B.Eng (China)

1986: Msc (France)

1989: Ph.D (France)

(Robot Driver)

(Robot Worker)

Teaching Portfolio

1. Sensors

2. Robotics

3. Microprocessors

4. Machine Intelligence

2003

2008

2004 2010

2021

Recipient of

Chinese Government’s

Overseas Scholarship

(1984 - 1989)
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Cognitive
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Motion
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Small-sized Humanoid Robot Medium-sized Humanoid Robot

Full-sized Humanoid Robot



Nanyang Technological University

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

Some Demonstrations …
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Perception

Planning

Control

Autonomous Land Vehicle …
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Perception

Planning

Control

Autonomous Surface Vehicle …
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WARM UP QUESTIONS …
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Warm-up Question 1

• Which one of the following two terminologies is a 

synonym for Artificial Intelligence?

– A) Artificial Brain 人工大脑

– B) Artificial Mind 人工识体
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Warm-up Question 2

• Which one of the following four terminologies is 

a synonym for Learning?

– A) Cognition

– B) Optimization

– C) Tuning

– D) Calibration
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Warm-up Question 3

• Which one of the following four transformations 

is not a process of Authentic AI?

– A) Signal to Signal

– B) Signal to Knowledge

– C) Knowledge to Knowledge

– D) Knowledge to Signal
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Authentic AI versus Fake AI

Sensory

Signals

One

Knowledge
Another

Knowledge

Motor

Signals
Fake AI

Authentic AI

Authentic AI

Authentic AI
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Key Takeaways: You will know …

• Major Initiatives

– Autonomous Land Surface Vehicles

– Autonomous Water Surface Vehicles

• Key Technologies of Autonomous Driving

– Perception

– Planning

– Control

• Roadmap Toward Vehicle’s Self-Intelligence
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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Transportation is one of the four basic 
necessities in our daily life …

• Transportation provides us with:

– Speed

– Comfort

– Safety

– Affordability
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Transportation also causes a lot of 
problems to our societies …

• Traffic Jams

• Traffic Accidents

• Air Pollution

• Cost of Ownership

• Space for Parking
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Eight Ferrari + One Lamborghini + Five Other Cars

Japan
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Improvements?

• Zero Pollution

• Zero Accident

• Zero Ownership

Autonomous Vehicles

Robot Taxi
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Zero Accident …
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Car Sharing … (Zero Ownership)
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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What is an autonomous vehicle? Technology-centric Answer: 
An autonomous vehicle is the outcome of transition from 
partial automation to full automation.
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What is an autonomous vehicle? Developper-centric Answer: 
An autonomous vehicle is the outcome of transition from 
human driver to machine driver.
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What is an autonomous vehicle? Buyer-centric Answer: 
An autonomous vehicle is the outcome of transition from 
partial autonomy to full autonomy.

• Velocity Control (Cruising)

• Steering Control

• Trajectory Following

• Target Following

• Collision Avoidance

• Lane Changing

• Takeover

• Sequential Parking

• Parallel Parking

Level 1

Level 2

Level 3

Level 4

Level 5

In all situations

In all situations

In all situations

In all situations

In all situations
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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History of 
Autonomous 
Vehicles 
(1939 – 2017)

The world’s largest

Eureka-PROMETHEUS

Project is missing …

Initiative on Autonomous

(Water) Surface Vehicles 

is missing … 

Robotics
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History of 
Autonomous 
Vehicles 
(2017 - 2030)

The world’s largest

Eureka-PROMETHEUS

Project is missing …

Initiative on Autonomous

(Water) Surface Vehicles 

is missing … 
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Eureka-PROMETHEUS Project

• The Eureka PROMETHEUS Project (PROgraMme for 

a European Traffic of Highest Efficiency and Unprecedented Safety, 

1987–1995) was the largest R&D project ever in the field of driverless 

cars. It received €749,000,000 in funding from the EUREKA member 

states, and defined the state of the art of autonomous vehicles. 

Numerous universities and car manufacturers participated in this Pan-

European project.

https://en.wikipedia.org/wiki/Eureka_(organization)
https://en.wikipedia.org/wiki/Research_and_development
https://en.wikipedia.org/wiki/Driverless_car
https://en.wikipedia.org/wiki/Driverless_car
https://en.wikipedia.org/wiki/Euro
https://en.wikipedia.org/wiki/EUREKA
https://en.wikipedia.org/wiki/Autonomous
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Video About Eureka-PROMETHEUS
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Hybrid Sensing Methodology Developed 
Around 1991-1993 by Our Team
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DARPA Grand Challenge

• The DARPA Grand Challenge (2004 - 2007) is a prize 

competition for American autonomous vehicles, funded by 

the Defense Advanced Research Projects Agency, the 

most prominent research organization of the United 

States Department of Defense. Congress has authorized 

DARPA to award cash prizes to further DARPA's mission 

to sponsor revolutionary, high-payoff research that 

bridges the gap between fundamental discoveries and 

military use. The initial DARPA Grand Challenge was 

created to spur the development of technologies needed 

to create the first fully autonomous ground 

vehicles capable of completing a substantial off-road 

course within a limited time. The third event, the DARPA 

Urban Challenge extended the initial Challenge to 

autonomous operation in a mock urban environment. The 

most recent Challenge, the 2012 DARPA Robotics 

Challenge, focused on autonomous emergency-

maintenance robots.

https://en.wikipedia.org/wiki/Vehicle_automation
https://en.wikipedia.org/wiki/Defense_Advanced_Research_Projects_Agency
https://en.wikipedia.org/wiki/United_States_Department_of_Defense
https://en.wikipedia.org/wiki/United_States_Department_of_Defense
https://en.wikipedia.org/wiki/United_States_Congress
https://en.wikipedia.org/wiki/Vehicle_automation
https://en.wikipedia.org/wiki/Vehicle_automation
https://en.wikipedia.org/wiki/DARPA_Grand_Challenge_(2007)
https://en.wikipedia.org/wiki/DARPA_Grand_Challenge_(2007)
https://en.wikipedia.org/wiki/DARPA_Robotics_Challenge
https://en.wikipedia.org/wiki/DARPA_Robotics_Challenge
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Video About DARPA Grand Challenge
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Our Prototype Developed in 2007
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Google’s Driverless Cars
• Waymo (2009 -  present) is an American autonomous driving technology 

development company. It is a subsidiary of Alphabet Inc, the parent company of 

Google. Waymo operates a commercial self-driving taxi service in the 

greater Phoenix, Arizona area called "Waymo One", with Chandler, Arizona fully 

mapped. In October 2020, the company expanded the service to the public, and it 

was the only self-driving commercial service that operates without safety backup 

drivers in the vehicle at that time. Waymo also develops driving technology for use 

in other vehicles, including delivery vans and Class 8 tractor-trailers for delivery 

and logistics.

https://en.wikipedia.org/wiki/Autonomous_driving
https://en.wikipedia.org/wiki/Alphabet_Inc.
https://en.wikipedia.org/wiki/Self-driving_taxi
https://en.wikipedia.org/wiki/Self-driving_taxi
https://en.wikipedia.org/wiki/Self-driving_taxi
https://en.wikipedia.org/wiki/Phoenix,_Arizona
https://en.wikipedia.org/wiki/Chandler,_Arizona
https://en.wikipedia.org/wiki/Truck_classification
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Tesla’s Autopilot
• Tesla Autopilot (2013 - present) is a suite of advanced driver-assistance 

system (ADAS) features offered by Tesla that amounts to Level 2 vehicle 

automation. Its features are lane centering, traffic-aware cruise control, automatic 

lane changes, semi-autonomous navigation on limited access freeways, self-

parking, and the ability to summon the car from a garage or parking spot. In all of 

these features, the driver is responsible and the car requires constant supervision. 

The company claims the features reduce accidents caused by driver negligence 

and fatigue from long-term driving. 

https://en.wikipedia.org/wiki/Advanced_driver-assistance_systems
https://en.wikipedia.org/wiki/Advanced_driver-assistance_systems
https://en.wikipedia.org/wiki/Advanced_driver-assistance_systems
https://en.wikipedia.org/wiki/Advanced_driver-assistance_systems
https://en.wikipedia.org/wiki/Tesla,_Inc.
https://en.wikipedia.org/wiki/Self-driving_car#Level_2
https://en.wikipedia.org/wiki/Lane_centering
https://en.wikipedia.org/wiki/Adaptive_cruise_control
https://en.wikipedia.org/wiki/Adaptive_cruise_control
https://en.wikipedia.org/wiki/Adaptive_cruise_control
https://en.wikipedia.org/wiki/Self-parking
https://en.wikipedia.org/wiki/Self-parking
https://en.wikipedia.org/wiki/Self-parking
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Many Other Initiatives on Land … 
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Many Other Initiatives on Land … 



Nanyang Technological University

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

RobotX Maritime Challenge

• RobotX (2014 - present) is a community of innovators driven to create 
substantive contributions to the field of autonomous, unmanned, multi-domain 
vehicles. We explore, encourage and make breakthroughs within three key 
platforms:

• Challenge      Interactive      Virtual

• Within these three platforms, participants create new mechanisms, collaborate, 
form connections and increase proficiency and inventiveness for maritime 
robotics.



Nanyang Technological University

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

Task 1: Demonstrate Navigation and Control  

• The ASV must 
successfully 
navigate through 
two pairs of red and 
green buoys in a 
fully autonomous 
manner, 
demonstrating 
effective control of 
the system. After 
demonstrating this 
capability, the ASV 
will be allowed to 
proceed to the 
Team’s assigned 
area. 
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Task 2: Find Totems and Avoid Obstacles 

• The obstacle area may 
be marked by four 
white buoys around an 
area approximately 
60m x 60m. The 
obstacles and totems 
will be placed inside 
the area. Entering the 
obstacle avoidance 
field and avoiding at 
least one obstacle or 
circling any totem will 
be considered as an 
attempt at completing 
this task. 

SCAN THE CODE – The order in which the 

light pattern flashes will indicate the order in 

which the vessel must approach and 

circle the totems.

Potential Links to Other Tasks 
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Task 3: Identify Symbols and Dock 

• The ASV must 
demonstrate the 
ability to 
successfully dock 
in bays identified 
by a color and 
shape. The ASV 
must dock in the 
bays in the correct 
sequence. The 
TD will specify 
sequences of 2 
colored symbols 
marking each bay. 
(e.g. "blue 
cruciform" then 
"red circle"). 

Potential Links to Other Tasks 
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Task 4: Scan the Code 

• The craft will observe a 

light sequence on an 

RGB buoy and report the 

color pattern. This is 

similar to the 2014 

RobotX light buoy task. 

The added twist will be 

that we may require the 

craft to use information 

from this task to 

complete another 

competition task. 

The light assembly on the buoy will successively 

display colors one at a time to generate a sequential 

pattern of three colors (e.g., red-green-red).  Each 

individual color will appear for 1 second, after which 

the lights will remain off (black) for 2 seconds before 

repeating the same pattern. 
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Task 5: Underwater Shape Identification 

• The ASV must locate 

objects on the seafloor 

given an assigned 

quadrant relative to a 

reference buoy. This 

task requires an 

underwater sensing 

capability. The 

underwater objects will 

be white shapes on 

black backgrounds. 

There will be a white 

border around the 

edge of the black 

background. This task 

approximates a real-

world challenge in 

which scientists are 

interested in mapping 

areas of bleaching 

coral.
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Task 6: Find Underwater Breaks 

• Teams must scan 
markers placed on 
or near the seafloor 
(similar to the 
orange path 
markers used in 
RoboSub) and 
count the segments 
between a “gap” 
indicated by other 
underwater 
markers. 

The number of orange segments between 

the yellow indicators may be used to indicate 

which quadrant to search in for the 

UNDERWATER SHAPE IDENTIFICATION task. 
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Task 7: Detect and Deliver 

• A four-sided floating 
platform will be tethered 
in an open area. Each 
side of the platform will 
have a face rising up 
with a colored shape 
and a pair of square 
holes. The ASV must 
propel or insert objects 
through the target holes 
on the face. This task 
may tie into semi-finals 
or finals tasks where 
information from this 
task is necessary to 
complete other tasks or 
information from other 
tasks is required to 
complete the Detect and 
Deliver task. 

• For each run, Teams 
will be provided with 
four (4) balls.
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Task 8: Acoustic Pinger-Based Transit 

• A set of three gates will be 
located in the 
practice/qualifying area. 
There will be a pinger in the 
middle of each gate. Vehicles 
must pass through the 
course and go through the 
assigned ENTRY and EXIT 
GATES which will be marked 
by an underwater acoustic 
pinger active at the 
frequencies posted daily. The 
gate with the active pinger 
may change between runs. 

• A single pinger will be 
activated at the start of each 
run to indicate the correct 
ENTRY GATE and EXIT 
GATE. The ASV should 
record the correct gate 
number for use in 
combination with other tasks
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Our Prototype for RobotX 2016
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Many Other Initiatives in Sea … 
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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Brain-Centric Philosophy …
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Mind-Centric Philosophy …

Body Brain Mind

- Action
- Reaction

- Memory
- Computation

- Cognition
- Recognition

Last Frontier in Science: “Science of Mind”

How to design machine’s mind?

• Soul

• Life
Coarse Minds

知识
Subtle Minds

意识
Deep Minds

心识
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We follow mind-centric approach …

Perception
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Control

In
te

lli
g
e
n
c
e



Nanyang Technological University

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

Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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The goal of perception is to determine the 
geometry and the kinematics of scene on 
a land/water surface

Perception

Planning

Control
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Landmark Detection and Tracking
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Use of Colour Images to Do Pixel Groupings

(a). A picture of car (b). Segmentation of the tree

(c). Segmentation of the road and the sky (d). Segmentation of the whole image
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Detection of Empty Parking Lots
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Inverse Reconstruction in Binocular Vision
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Depth from Qualitative Binocular Vision

Disparity (pixels)

D
e
p
th

 (
m

)
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Fusion of Multiple Videos Into a 
Single Video of Sky-view
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Other Teams’ Results …
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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The goal of planning is to determine the 
equations of desired motions leading to 
the execution of intended tasks

Perception

Planning

Control
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Problem Description

• Given current pose k and next pose k+1, how to determine a series 

of spatial (linear and/or angular) positions which connect pose k to 

pose k+1?

𝑋

𝑌

𝑂

𝑝𝑜𝑠𝑒 𝑘 = { 𝑥𝑘 , 𝑦𝑘 , (cos 𝛼𝑘 , sin(𝛼𝑘))}

𝑝𝑜𝑠𝑒 𝑘 + 1 = { 𝑥𝑘+1, 𝑦𝑘+1 , (cos 𝛼𝑘+1 , sin(𝛼𝑘+1))}
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Trivial Solution 1 …

𝑋

𝑌

𝑂

𝑝𝑜𝑠𝑒 𝑘 = { 𝑥𝑘 , 𝑦𝑘 , (cos 𝛼𝑘 , sin(𝛼𝑘))}

𝑝𝑜𝑠𝑒 𝑘 + 1 = { 𝑥𝑘+1, 𝑦𝑘+1 , (cos 𝛼𝑘+1 , sin(𝛼𝑘+1))}

* C

𝑅

(𝑥𝑘 − 𝑥𝐶 )2+(𝑦𝑘 − 𝑦𝐶 )2= 𝑅2

𝑥𝐶 = 𝑥𝑘 + 𝑅 × sin(𝛼𝑘))

𝑦𝐶 = 𝑦𝑘 − 𝑅 × cos(𝛼𝑘))

(𝑥𝑘+1 − 𝑥𝐶 )2+(𝑦𝑘+1 − 𝑦𝐶 )2= 𝑅2
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Trivial Solution 2 …

𝑋

𝑌

𝑂

𝑝𝑜𝑠𝑒 𝑘 = { 𝑥𝑘 , 𝑦𝑘 , (cos 𝛼𝑘 , sin(𝛼𝑘))}

𝑝𝑜𝑠𝑒 𝑘 + 1 = { 𝑥𝑘+1, 𝑦𝑘+1 , (cos 𝛼𝑘+1 , sin(𝛼𝑘+1))}

Circle 1

Circle 2

Tangent 

Line

*A

*B
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Path Planning with Inverse Motion 
Planning Strategy Developed in 1999
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Path Planning with Inverse Motion Planning Strategy

Circle 1

Circle 5 Circle 4

Forward

Forward

Forward

Forward Forward

Reverse

Circle 2

Circle 3

Line 1

Car A

Car B

X

Y

O

𝑥𝑏
𝑦𝑏

𝑦𝑎

𝑥𝑎

Line 2

Head-entry to Parking Lot

• Inverse Planning: {Circle 1, Circle 4, 

Circle 5}

• Forward Motion: {Circle 5, Circle 4, 

Circle 1}

Tail-entry to Parking Lot

• Inverse Planning: {Line 2, Circle 2, 

Circle 3, Line 1}

• Forward Motion: {Line 1, Circle 3, 

Circle 2, Line 2}
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Incremental Planning Solution for Car-like Vehicle

• A car-like vehicle is following a moving 

target. The vehicle’s vision system can 

measure the distances to points A and B of 

the moving target. What should be the 

trajectories of the car-like vehicle?

• Answer:

– Equation of velocity:

– Equation of steering:

Y
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Incremental 
Planning Solution 
for Differential 
Drive Vehicle

𝑋𝑏

𝑌𝑏

𝑣 𝑣𝑟𝑣𝑙

Left

Propeller

Right

Propeller

Workspace

(𝑥𝑑, 𝑦𝑑)

Next Waypoint

(Output from Vision)

L

W
Width of Boat

Length of Boat 𝜔

• Differential Drive by Wheels

• Differential Drive by Propulsions

Current Pose

Next Pose
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Assume that the boat follows a planned circular path

with the radius which is equal to R. We have:

1. The angular velocity of the boat:

2. The circular velocity of left propeller:

3. The circular velocity of the right propeller:

4. We approximate R with the following value:

Equation of Planning for Differential-Drive Vehicle

𝜔 =
𝑣

𝑅

𝑣𝑙 =
𝑣

𝑅
𝑅 +

𝑊

2
= 𝑣 1 +

𝑊

2𝑅
= 𝑣 1 +

𝑊

2
x𝑑

𝑣𝑟 =
𝑣

𝑅
𝑅 −

𝑊

2
= 𝑣 1 −

𝑊

2𝑅
= 𝑣 1 −

𝑊

2
𝑥𝑑

𝑅 =
1

𝑥𝑑

𝑋𝑏

𝑌𝑏

𝑣 𝑣𝑟𝑣𝑙

Left

Propeller

Right

Propeller

W

(𝑥𝑑, 𝑦𝑑)

𝑣 =
𝑦𝑑

𝑦𝑑 + 0.1 × 𝑦𝑑,𝑚𝑎𝑥

T
a
s
k
 S
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e

J
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t 
S

p
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𝜔

Next Pose

Current Pose
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∆𝑋
∆𝑌
∆𝑍

= 𝐷𝑖 ∙

∆𝑢𝑙

∆𝑣𝑙

∆𝑢𝑟

∆𝑣𝑟

∆𝑢𝑙

∆𝑣𝑙

∆𝑢𝑟

∆𝑣𝑟

= 𝐷𝑓 ∙
∆𝑋
∆𝑌
∆𝑍

3D Inverse Projection3D Forward Projection

𝐷𝑓 = (𝐷𝑖
𝑡 ∙ 𝐷𝑖)−1∙ 𝐷𝑖

𝑡

Hand-Eye 

Coordination

Head-Eye 

Coordination

On-fly Motion Planning with X-Eye 
Coordination Algorithm Developed in 1997
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X-Eye Coordination for Automatic Landing
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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The goal of control is to make the actual motions, 
in terms of linear and angular movements, to 
follow the intended trajectories

Perception

Planning

Control
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Three Types of Dynamic Platforms

• Car-like Platforms

• Differential-Drive Platforms

• Omni-Directional Platforms
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A Car-like  Platform Has Two Control Loops …

Power for 

Moving

Speed Feedback

Controller for 

Moving

Actual 

Speed
Expected 

Speed

Power for 

Steering

Angle Feedback

Controller for 

Steering

Actual 

Angle
Expected 

Angle

Steering Control

Speed Control

Understanding

Self-Decision

Sensing
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Multiple-mode Control of Car-like Vehicle
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Demonstration of Perception, Planning and Control 
of Car-like Vehicle …



Nanyang Technological University

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

A Differential-Drive Platform Has Also Two Control Loops …

Power for 

Left Wheel

Speed Feedback

Controller for 

Left Wheel

Actual 

Speed
Left Wheel

Speed

Power for 

Right Wheel

Speed Feedback

Controller for 

Right Wheel

Actual 

Speed
Right Wheel 

Speed

Speed Control

Speed Control

Understanding

Self-Decision

Sensing
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wX
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ሶ𝜙 = 𝜔𝑅 =
𝑣𝑅

𝑅

𝑣𝑙 =
1

2
(2𝑣𝑅 − 𝐿𝜔𝑅)

𝑣𝑟 =
1

2
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
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Task Space Planning

Joint Space Planning

Desired Trajectories in Task Space

Control

• Left and Right Wheels

• Left and Right Propellers

Planning and Control of Differential-Drive Vehicle
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• Use of State-

space Equations 

in Time Domain:

• Left or right wheel

Task-Space Dynamics of Wheel or Propeller
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𝐹𝑛𝑒𝑡 = 𝐹𝑡ℎ𝑟𝑢𝑠𝑡 − 𝐹𝑑𝑟𝑎𝑔

• Left or right propeller

• Payload of wheel

• Payload of propeller
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About Eigenvalues and Eigenvectors

𝐷 =

𝜆1

𝜆2

…
𝜆𝑛

𝑉 = [𝑣1 𝑣2 … 𝑣𝑛]

𝐴 = 𝑉 × 𝐷 × 𝑉−1

This is called 

Diagonalization!

ሶ𝑋 = 𝐴𝑋

ሶ𝑋 = 𝑉𝐷𝑉−1𝑋

(𝑉−1 ሶ𝑋) = 𝐷 × (𝑉−1 𝑋)

𝑉−1 × 𝑋 𝑡 = 𝑒𝐷×𝑡

𝑋 𝑡 = 𝑉(𝑡) × 𝑒𝐷×𝑡
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Design of Task-Space Control …

• Use of State-space Equations in Time Domain:

CXY

BuAXX

=

+= Y

YKYKu •−=−•= )0(+
-

KYu

CXY

BuAXX
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

 BKCAeig

Design of K

det( 𝜆𝐼 − 𝐴 + 𝐵𝐾𝐶) = 0

𝜆 − 𝜆1 … (𝜆 − 𝜆𝑛) = 0

0=dY

Stability Criterion
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An Omni-Directional Platform May Have Four Control Loops …

Understanding

Self-Decision

Sensing

Force 1 Controller

Force 2 Controller

Force 3 Controller

Force 4 Controller

ሶ𝜃1

ሶ𝜃2

ሶ𝜃3

ሶ𝜃4
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Control Loops of Surface Vehicle

Force 1 Controller

Force 2 Controller

Force 3 Controller

Force 4 Controller

Force 1 Controller

Force 2 Controller

Force 3 Controller

Force 4 Controller

Force 1 Controller

Force 2 Controller

Force 3 Controller

Force 4 Controller

GPS/Compass/IMU/Gyroscope

Orientation Error Longitudinal Error Lateral Error

Next Orientation Next Position Next Position
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Outline of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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What Will Be Future Trend of Human History?

Life-Integrated 

Society

Tool-Integrated Society

Machine-Integrated Society

Computer-Integrated Society

Internet-Integrated Society

AI-Integrated Society

Robot-Integrated Society
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What is our mission on Earth?

• (1) to understand the world, and 

• (2) to improve the world?
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How to fulfill our missions on Earth, which include: 
(1) to understand the world, and 
(2) to improve the world?

Research comes first:

• What is research? What are the 1,2,3 of 

research?

Discovery Invention

Manufacturing

(Products)

(Theories) (Technologies)

Three Outcomes:

1. Creation of Better Theories

2. Creation of Better Technologies

3. Creation of Better Products

Two Driving Forces of Research

1. Scientific Problems

2. Social Needs

One Objective:

1. Research has one objective 

which is to create values by 

finding better ways of solving 

problems.
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How to design a vehicle’s mind?

• What are the physical principles behind the transformations from 

signals to cognitive states of knowing the meanings inside the signals?

One of the Last Frontiers in Science: The Discovery of Human Mind’s Blueprint.
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New roadmap toward developing vehicle’s self-
intelligence …

Physical World

Human Languages

Conceptual Worlds

Properties Constraints

Knowledge

Natural Sciences Social Sciences

Human Intelligence

Computer-Aided Intelligence
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Self-Intelligence

Artificial 

Intelligence

Human 

Intelligence

• One Tool

• Two Worlds

• Three Intelligences

• Four Pillars

• Signal to Knowledge

• Knowledge to Knowledge

• Knowledge to Signal
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Autonomous vehicles are becoming high-speed 
mobile robots. Automobile industry will become 
part of robotics industry.

Perception

Planning

Control

In
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Robotics Will Drive the Development of Vehicle’s Self-
Intelligence …

Robot Control

Task
Robot Mind
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Task Space Joint Space

Kinematics

Desired

Motions

Robot Intelligence

• Talking

• Seeing

• Reading

• Thinking

• Composing

Robot Body

How to program motions?

How to perform motions?

How to control motions?

How to simulate motions?

How to simulate motions?
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Summary of Today’s Talk

• Why to Develop Autonomous Vehicles?

• What is an Autonomous Vehicle?

• What are the Major Initiatives?

• How to Develop Autonomous Vehicles?

– Key Technologies of Perception

– Key Technologies of Planning

– Key Technologies of Control

• Future Works
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School of Mechanical & Aerospace Engineering

Design, Machine, Control, Intelligence

Thank You!

Q & A
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