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Outline

u Module 1: Robotõs Advanced Body

u Module 2: Robotõs Advanced Perception

u Module 3: Robotõs Advanced Planning

u Module 4: Robotõs Advanced Control
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About NTU
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Remember NTUõs Vision é

House of Talent

Hub of Global Impact
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Remember NTUõs Mission é

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 é
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About You
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Remember your mission as MAE 

undergraduates é

uYou 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?
u 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

Sensory

Modules

Planning

Modules
Digital

Workspace

Userôs 

Instructions

+
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Perception

Modules

Automation

Autonomy
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About Course
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Why to study this course?
u Toward Using Robot Power to Create Wealth é
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How to study this 

course?
u To put yourselves into the 

mindset of designers of robots 

as products:

u Who are the users?

u What are the needs of users?

u What are your robots which 

could meet the needs of your 

users or buyers?

u What are the solutions 

behind the design of your 

robots?

Market Demands or Needs

Product Specifications

Design Specifications

Conceptual Design

Selection of Materials/Components/Devices

Embodiment Design

Prototyping

Optimizing

Production

Marketing
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What to 

Learn?

Robotics
Intelligence

&

Motion

Robotôs

Advanced 

Perception

Perception of Photometry

Perception of 2D Geometry

Perception of 3D Geometry

Robotôs

Advanced 

Body 

Mechanical Systems

Control Systems

Programming Systems

Robotôs

Advanced

Control

Dynamics under Control

Control in Joint Space

Control in Task Space

Robotôs

Advanced

Planning

Task Planning

Action Planning

Motion Planning

Roadmap of Learning:

Q1: What is the energy 

flow?

Q2: What is the signal 

flow?

Q3: What is the 

knowledge flow?

Q4: What is the 

relationship between 

energy flow and signal 

flow?

Q5: What is the 

relationship between 

signal flow and 

knowledge flow?

1. One Machine

2. Two Capabilities

3. Three Benefits

4. Four Pillars

Key Take-aways

Key Take-aways

Key Take-aways

Key Take-aways

1

4

2

3
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Robot Control

Task
Robot Mind

ù
ù
ù
ù
ù
ù
ù
ù

ú

ø

é
é
é
é
é
é
é
é

ê

è

),,(

),,(

),,(

),,(

),,(

),,(

zzz

yyy

xxx

zzz

yyy

xxx

qqq

qqq

qqq

###

###

###

###

###

###
Inverse Kinematics

ù
ù
ù
ù

ú

ø

é
é
é
é

ê

è

),,(

......

),,(

),,(

222

111

nnn qqq

qqq

qqq

###

###

###

Forward Kinematics

Actuator
ù
ù
ù
ù

ú

ø

é
é
é
é

ê

è

),,(

......

),,(

),,(

222

111

nnn qqq

qqq

qqq

###

###

###

Amplifier
Control 

Algorithms

Sensors
),,( iii qqq ###

Robot Dynamics
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Task Space Joint Space

Kinematics

Desired

Motions

How to Apply?

Robot Intelligence

Å Talking

Å Seeing

Å Reading

Å Thinking

Å Learning

Robot Body

How to program motions?

How to perform motions?

How to control motions?

How to simulate motions?

How to simulate motions?

Application

Domains
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Terminology Alert

u Advanced Robotics is about the study of advanced 

robots which could perform tasks in some intelligent 

ways.

u Advanced Robot is a machine which has 

u two capabilities (automatic control and autonomous 

control), 

u three benefits and 

u four modules.
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State of The Art in Robotics é
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True Foundation of Robot Intelligence

Physical World

Human Languages

Conceptual Worlds

Properties Constraints

Knowledge

Natural Sciences Social Sciences

Human Intelligence

Computer-Aided Intelligence
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Å One Tool

Å Two Worlds

Å Three Intelligences

Å Four Pillars

Å Signal to Knowledge

Å Knowledge to Knowledge

Å Knowledge to Signal
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Todayõs Lectures é

u Module 1: Robotõs Advanced Body

u Module 2: Robotõs Advanced Perception

u Module 3: Robotõs Advanced Planning

u Module 4: Robotõs Advanced Control
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Robotõs Advanced Body

MA4825 Robotics

Xie Ming, PhD (France)

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

Module 1



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

School of Mechanical & Aerospace Engineering

Outline of Module 1

u Robot Systems

u Robotõs Mechanical Systems

u Robotõs Control Systems

u Controllers

u Actuators

u Sensors

u Robotõs Programming Systems

What to design?
Å The best systems in the universe 

are static systems

Å Most systems in the universe are 

dynamic systems

Å Our goal is to make dynamic 

systems to be closer to static 

systems
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Outline of Module 1

u Robot Systems

u Robotõs Mechanical Systems

u Robotõs Control Systems

u Controllers

u Actuators

u Sensors

u Robotõs Programming Systems

What to design?
Å The best systems in the universe 

are static systems

Å Most systems in the universe are 

dynamic systems

Å Our goal is to make dynamic 

systems to be closer to static 

systems
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Xie Ming, PhD (France)

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

Module 1

Lecture 1
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Outline of Lecture 1

uSystems

uRobot Systems

uPerformance of Robot Systems

uDesign of Robot Systems
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Outline of Lecture 1

uSystems

uRobot Systems

uPerformance of Robot Systems

uDesign of Robot Systems
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Definition of System

uA system is a set of entities which are 

interconnected and act together for 

achieving common goals or outcome.
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Name five systems that you know

u 1

u 2

u 3

u 4

u 5
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Characteristics of Systems

uA system has input.

uA system has responses.

uA system has transfer function.
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Illustration of Systems without Error 

Control (i.e. Open-loop Systems)

Transfer FunctionInput Response
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Illustration of Systems with Error Control 

(i.e. Closed-loop Control Systems)

SystemController

Sensor

+
-

Input ResponseError

This is a system which responds to error
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Characteristics of Systemsõ Responses

u Transient Responses:

uTransition from one steady -state response to 

another steady-state response.

u Steady-state Responses:

uOutput which stabilizes at steady states.

Static systems only have steady-state responses
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Illustration of Systemsõ Responses
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Performance of Dynamic Systems

u Stability

u Response Time

u Response Accuracy

Static Systems:

Å100% stable

ÅZero response time

Å100% accurate

Dynamic Systems:

Å100% stable: Possible

ÅZero response time: Not possible

Å100% accurate: Possible
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Illustration of Stability

In time domain, stability means bounded-input bounded output
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Illustration of Response Times

u Rise Time

u Peak Time

u Settling Time

ὸ

ὸ
ὸ

ώὸ

ὸ
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Error Bands
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Illustration of Response Accuracy
u Error Band: 2%

u Error Band: 5%

u etc
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Outline of Lecture 1

uSystems

uRobot Systems

uPerformance of Robot Systems

uDesign of Robot Systems
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Definition of Robot System

uA robot system is a set of modules which are 

interconnected and act together for achieving 

common goals such as:

uImitating the skills of human beings

uImitating the intelligence of human beings
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Example: Robot Systems for Welding
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Example: Robot Systems for Handling 
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Example: Robot Systems for Palletizing
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Example: Robot Systems for Welding
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Inputs to a Robotõs System

Robot

System

Task

Action

Motion

Signal

Energy
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Responses from a Robotõs System

Robot

System

Task

Description

Action

Description

Motion

Signal

Energy Energy

Signal

Motion

Action

Task
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The inside of a robotõs system consists 

of a set of subsystems such as

u Mechanical system

u Control system

u Programming system

u Power system

u Communication system

u Vision system

u Speech system

u etc
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1. Mechanical System of Robot

u It consists of links and joints. A joint could be a pivoting joint, 

axial joint, or prismatic joint.

Prismatic JointPivoting Joint

Pivoting Joint

Pivoting Joint
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Example of Robot Arm with Revolute Joints
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Example of Robot Arm with Revolute Joints
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Application of Quaternion for Motion Analysis

u Euler Equation:

u Unit Vector of Rotation Axis:

u Angle of Rotation:

u Hamilton Equation:

u Equation of Rotation:
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Unit Vector of 

Rotation Axis

Generalized Euler Equation: Equation of Unit Quaternion

Any vector
Ὦ ρ
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Example of SCARA Robot

Prismatic Joint

Pivoting Joint

Pivoting Joint

Axial Joint
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2. Control System of Robot

u It consists of actuators, sensors, and controllers.

Motor Motor Motor Motor Motor
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3. Programming System of Robot

u It consists of programmable brain, software tools and teachable 

mind.
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Outline of Lecture 1

uSystems

uRobot Systems

uPerformance of Robot Systems

uDesign of Robot Systems
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Three Criteria for Judging Performance

u Stability

u Response Time

u Response Accuracy
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1. Stability of Robot Systems

uA robot is stable as long as it maintains its 

position and orientation in the presence of 

external forces or induced forces.
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Example of Robots with Weak Stability
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Example

u A humanoid robot kicks off a 
ball and stands with the 
support of a single leg. What 
is the condition of stability in 
this case?

u Answer:

u The robot is stable if the 
projection of its centre of 
gravity (CG) onto the ground 
is within the area of the 
supporting legõs foot.
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Example
u A mobile robotõs mass is 20.0 kg. Its centre of gravity is located at 

the centre of the robotõs body and is 0.3 meters above the 

ground. The distance between its left wheels and right wheels is 

0.5 meters. The robot moves along a circular path. And, the 

radius of the circle followed by the outer wheel is 1.5meters. 

What is the maximum circular speed that the robot could reach 

before it becomes unstable?

u Answer:

25.03.0
5.1

3.0
2

³<³=³ mg
v

mFc

m/s 
3.0

8.95.125.0 ³³
<v

R=1.5m
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2. Response Time of Robot System

u It is the time for a robot to complete a motion.
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Example

u A single axis robot has the maximum acceleration of +/ - 5.0 cm/s2. 

Before it moves, the robot is at rest. What is the shortest response 

time for it to travel 20.0 cm and stop?

Z
X

O
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Solution
u Analysis:

u Place X axis at the position before motion: z(0) = 0.0cm

u Maximum acceleration: (+/ -) 5.0 cm/s2

u Travelled distance:  z(T) = 20.0cm

u To determine the shortest response time: T

Z
X

O

z(0)

z(T)
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Solution
u Step 1: Design of Trajectory of Shortest Response Time

u Speed-up Motion: from 0.0 to T/2 (seconds)

u Slow-down Motion: from T/2 to T (seconds)

Time

T
T/2

amax -amax

)(tz
dt

d
Z

X

O

z(0)

z(T)
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Solution (continued)
u Step 2: Trajectory for speed -up motion: [0, T/2]

2

max
2

1
)0.0()( taztz =-

tatavtv maxmax)0.0()( =+=

Time

T
T/2

amax -amax

)(tz
dt

d
Z

X

O

z(0)

z(T)
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Solution (continued)
u Step 3: Trajectory for slow -down motion: [T/2, T]

2

max )2/(
2

1
)2/)(2/()2/()( TtaTtTvTztz ---=-

2

8

5
)2/( TTz =

TTaTv
2

5
2/)2/( max ==

TimeT
T/2

amax -amax

)(tz
dt

d
Z

X

O

z(0)

z(T)
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X

O
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z(T)
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Solution
u Step 4:  Shortest Response Time

2222 )2/(
2
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3. Response Accuracy of Robot System

u It is the maximum error when a robot 

repeatedly performs a same motion.
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Example

u A SCARA robot has the following geometrical parameters: L1 = 30.0 (cm) 

and L2 = 25.0 (cm). The angular accuracy of joint 1 is  0.01 degrees, and 

the accuracy of joint 2 is  0.02 degrees. What is the accuracy of Y 

coordinate of joint 4 with respect to the robotõs base?

Y

Z

X L1 L2

1x

1z

1y

2y

2x

2z

4,3y

4,3x

4,3z

Y

Z

X

Link L1

Link L2

o

Joint 4
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Solution

u Analysis

u The error of joint 4õs Y coordinate will be the largest one when joint 

1õs angle is 90 degrees while joint 2õs angle is zero degree.

u The error of joint 4õs Y coordinate is a function of angles of joint 1 

and joint 2.

Y

Z

O

L1
L2

1q 2q

X
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Solution (continued)
u Step 1: Illustration

Y

X

O
L1

L2
1q

1q

ὣ

Y

X

O
L1

L2
1q

21 qq+

ὣ

Orientation of Link 1

Orientation of Link 2
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Solution (continued)

u Step 2: Equation of Coordinate

ώ ὒÃÏÓ— ὒÃÏÓ— —

Y

X

O
L1 L21q

21 qq+

ὣ

Orientation of Link 1

Orientation of Link 2

Ὠώ

Ὠὸ
ὒÓÉÎ—

Ὠ—

Ὠὸ
ὒÓÉÎ— —

Ὠ—

Ὠὸ

Ὠ—

Ὠὸ
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Solution (continued)

u Step 3: Equation of Errors

Y

X

O
L1

L2
1q

2q
21 qq+

4y

ɝώ ὒÓÉÎ— ɝ— ὒÓÉÎ— — ɝ— ɝ—

Ὠώ

Ὠὸ
ὒÓÉÎ—

Ὠ—
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Ὠὸ
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Solution

u Step 2: Accuracy or Maximum Error of Joint 4õs Y Coordinate

ɝώ ὒÓÉÎ— ɝ— ὒÓÉÎ— — ɝ— ɝ—

Worse Case: joint 1ôs angle is ɾ90 degrees while joint 2ôs angle is zero degree

ɝώ ὒɝ— ὒ ɝ— ɝ—

ɝώ σπȢπ πȢπρ
“

ρψπ
ςυȢπ πȢπσ

“

ρψπ

ɝώ πȢππρψ ὧά
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Outline of Lecture 1

uSystems

uRobot Systems

uPerformance of Robot Systems

uDesign of Robot Systems
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Design Procedure Users or Needs

Product Functionalities

Design Specifications

Conceptual Design

Selection of Materials/Components/Devices

Embodiment Design

Prototyping

Optimizing

Production

Marketing
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Design of Robotõs 

Mechanical System

uDesign of Appearance

uDesign of Mechanism

uDesign of Structure
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Design of Robotõs 

Control System

uDesign of Input Devices

uDesign of Output Devices

uDesign of Control Devices
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Design of Robotõs 

Programming System

uDesign of Programmable Brain

uDesign of Software Tools

uDesign of Teachable Mind
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Summary of Lecture 1

uSystems

uRobot Systems

uPerformance of Robot Systems

uDesign of Robot Systems
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Outline of Module 1

u Robot Systems

u Robotõs Mechanical Systems

u Robotõs Control Systems

u Controllers

u Actuators

u Sensors

u Robotõs Programming Systems

What to design?
Å The best systems in the universe 

are static systems

Å Most systems in the universe are 

dynamic systems

Å Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robotõs Mechanical Systems

MA4825 Robotics

Xie Ming, PhD (France)

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

Module 1

Lecture 2
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Outline of Lecture 2

uDesign of Link

uDesign of Joint

uDesign of Mechanism
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Outline of Lecture 2

uDesign of Link

uDesign of Joint

uDesign of Mechanism
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Definition of Links

u A link is a rigid body which has two extremities 

and is for the purpose of:

uConnecting to other link at each extremity.

uHousing components such as actuators, 

sensors, speed-reducers, motion transmission 

devices, cables, and appearance panels, etc.

uConnecting to tools or end -effectors.

uPerforming motions such as translational 

motions or rotational motions.
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Design Example of Links

u There is no specific guideline. 
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Design Example of Rotational Links

Supporter Link

Follower Link

Link 1

RP: Rocker Phalanx
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Design Example of Translational Links
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Linkõs Components: Extremities

u A link has two extremities. 

u The one which is to be connected to a supporter 

link is called the proximal extremity . 

u The one which is to be connected to a follower 

link is call the distal extremity . 

Follower Link

Supporter Link

Proximal 

extremity
Current Link

Distal 

extremity
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Linkõs Length

u The length of a link is the distance between its two extremities.

L2

L1

L3
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Linkõs Motion Axis

u A link is a rigid body which is able to undergo either translational 

motion or rotational motion. 

u The axis, which constraints a linkõs motion, is called the motion 

axis of a link.

Link 1

Link 2
Link 3

Motion Axis of Link 1
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Example of Linkõs Motion Axes

Link 1

Motion Axis of Link 1

Link 2

Motion Axis of Link 2

Link 3

Motion Axis of Link 3
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Linkõs Coordinate System

u A link is a rigid body which must be assigned with 

a coordinate system in order to represent the 

linkõs position and orientation. Such a coordinate 

system is called the coordinate system of a link. 

u In robotics, a linkõs coordinate system is placed 

at the linkõs distal extremity , instead of proximal 

extremity. 

0X

0Y

0Z
0O

1
X

1
Y

1
Z 1

O
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Example of Linksõ Coordinate Systems

Link 1

Link 2
Link 3

Motion Axis of Link 1

1x

1y

1z

2y

2x

2z

3y

3x

3z
Joint 1

Joint 2 Joint 3

Hand
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Example of Linksõ Coordinate Systems

Base

1

2

i

n

Base

1

2

i

n

0x 0z

0y

1z 1y
1x

2x

2z

2y

ix

iz

iy

nx

nz

ny

What are the transformations between two adjacent coordinate systems?
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Linkõs Kinematic Parameters

Table of Denavit-Hartenburg Parameters

Four Motions to Align Two 

Coordinate Systems Together

Å Rotation about Z axis

Å Translation along Z axis

Å Rotation about X axis

Å Translation along X axis

—

Ὠ

‌
ὥ
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Linkõs Transformation Matrix

Table of Denavit-Hartenburg Parameters

ὒ ȟ— Ὕ ὼȟὥ Ὑ ὼȟ‌ Ὕ ᾀȟὨ Ὑ ᾀȟ—

(Note: All are 4x4 homogeneous transformation matrices)

Pose of Link i with respect to Link i - 1

Å Rotation about Z axis

Å Translation along Z axis

Å Rotation about X axis

Å Translation along X axis

—

Ὠ

‌
ὥ
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Outline of Lecture 2

uDesign of Link

uDesign of Joint

uDesign of Mechanism
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Definition of Joints
u A joint consists of two rigid bodies 

which can undergo relative motions 

such as translational motions or 

rotational motions.

Supporter Link

Follower Link

Three types of joints:

ÅLink Joints

ÅTorque Joints

ÅPower Joints



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

School of Mechanical & Aerospace Engineering

Classification of Joints According to 

Motion Types

u Prismatic Joints

uThe two rigid bodies undergo relative linear 

motions.

u Revolute Joints

uThe two rigid bodies undergo relative angular 

motions.
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What are the output from Joints?

Answer:

u All motions involve mechanical energy.

u The output from a joint is mechanical energy, which can be described by 

mechanical power. Such power is called the power of a joint.

vFPlinear ¶=

wt¶=rotationP
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Classification of Joints According 

to Energy Flow

u Power Joints

u Joint devices which are the sources of mechanical 
power.

u Torque Joints

u Joint devices which amplify the output torques.

u Link Joints

u Joint devices which constrain the motion between two 
adjacent links.
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Design Example of Link Joint (1)

Rigid Body 1

Rigid Body 2
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Design Example of Link Joint (2)

Link 1

Link 2
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Design Example of Link Joint (3)

Rigid Body 1

Rigid Body 2

Ball Screw

Ball Screw
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Design Example of Link Joint (4)
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Design Example of Torque Joint (1)
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Design Example of Torque Joint (2)
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Design Example of Torque Joint (3)
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Design Example of Torque Joint (4)
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Design Example of Torque Joint (5)



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

School of Mechanical & Aerospace Engineering

Example of Torque Joint: Harmonic Drive

Rigid Body 1

Rigid Body 2

Rigid Body 1ô

The difference between the teeth of circular spline and

 the teeth of flexible spline is two.

One full rotation of Rigid Body 1 will make Rigid Body 1ô to rorate 2 teeth.

What is the speed reduction ratio?

Input Shaft

Output Shaft
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Working Principle of Harmonic Drive

k
k in

ininin

w
twt = inout ktt =
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Design Example of Power Joint (Lecture 4)

Rigid Body 1

Rigid Body 2

tw=P
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Design Schemes of Robotic Joints

u Scheme 1: 

uPower Joint + Link Joint

u Scheme 2: 

uPower Joint + Torque Joint +  Link Joint

u Scheme 3: 

uPower Joint + Transmission + Torque Joint +  

Link Joint
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Design Example of Robotic Joint (1)

Link

Torque Joint

Link Joint of Ankle Roll

Link Joint of Ankle Pitch

Power Joint 
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Design Example of Robotic Joint (2)



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

School of Mechanical & Aerospace Engineering

Design Example of Robotic Joint (3)
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Example of Motor Sizing

u A prismatic link joint carries a payload of 3.0 kg in a vertical 

direction. The kinetic frictional force of the joint is 0.5 N. If the 

payload moves up at a speed of 3.5 cm/s, what is the output 

power from the power joint ?

u Answer:

M=3.0kg

NNmgFF k 9.298.90.35.0 =³+=+=

 W029.1035.09.29 =³=³= vFPlinear
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Outline of Lecture 2

uDesign of Link

uDesign of Joint

uDesign of Mechanism
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Definition of Mechanism

uA mechanism is a set of links which are 

interconnected by joints, and could 

undergo relative motions.

Base

1

2

i

n

Link

Joint

Tool
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Example of Designing Robot Mechanism
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Mechanism

Robot armõs mechanism is also called as 

kinematic chain which has input and output

What are the input motions?

What are the output motions?
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Input Motion of Robot Mechanism

u The motions of the joints inside a mechanism are 

the input motion of the mechanism. 
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Example of Mobile Base

u What are the input motions which drive the mobile robot below? 

1w 2w

4w3w

),,,(    

:istor motion vecinput  The

4321 wwww

1w 2w

3w 4w
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Output Motion of Robot Mechanism

u The motions of a tool attached to the mechanism 

are the output motions.

Output

Motion
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What is Kinematics of Robot Mechanism?

u It is the study of mechanismsõ motions without 

consideration of force and torque.

u The study of output motion as functions of input 

motion in a mechanism is called forward kinematics.

u The study of input motion as functions of output 

motion in a mechanism is called inverse kinematics.
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Robotõs Forward Kinematics

Base

1

2

i

n

Base

1

2

i

n

0x 0z

0y

1z 1y
1x

2x

2z

2y

ix

iz

iy

nx

nz

ny

ὒȟ Ñ ὒȟ— ὒȟ— ȣὒ ȟ —

Pose of Link n with respect to Link 0 or Base Link

ή

—
—
ȣ
—
—

Vector of

Generalized

Coordinates
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Example of Forward Kinematics

u A planar arm manipulator has three joints and three links. The 

first joint angle is between axes X0 and X1. The second joint angle 

is between axes X1 and X2. The third joint angle is between axes 

X2 and X3. If the three joint angles are (110.0, -80.0, -45.0) 

degrees, what are the X and Y coordinate of O3?

u Answer:

0x

0y

1y

1x

2x2y
3y

3x

1l

2l 3l

0o

1o

2o
3o)cos()cos()cos( 3213212113 qqqqqq +++++= lllxo

)sin()sin()sin( 3213212113 qqqqqq +++++= lllyo

)15cos()30cos()110cos( 0

3

0

2

0

13 -++= lllxo

)15sin()30sin()110sin( 0

3

0

2

0

13 -++= lllyo



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

School of Mechanical & Aerospace Engineering

Robotõs Jacobian Matrix

ὒȟ Ñ ὒȟ— ὒȟ— ȣὒ ȟ —

Pose of Link n with respect to Link 0 or Base Link

Velocity of Link nôs Pose = J x Velocity of Generalized Coordinates
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What is Dynamics of Robot Mechanism?

u It is the study of mechanismsõ motions in relationship 
with force and torque.

u The study of output motion as functions of applied 
force and torque in a mechanism is called direct 
dynamics.

u The study of force and torque as functions of output 
motion in a mechanism is called inverse dynamics.
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Example of Forward Dynamics

u A prismatic link joint carries a payload of 3.0 kg in a vertical direction. 

The kinetic frictional force of the joint is 0.5 N. If the acting force from 

the link joint is 35.0 N, what is the acceleration of the payload?

u Answer:

M=3.0kg

Ὂ Ὂ Ὂ άὫ συȢπὔ πȢυὔ σȢπ ωȢψ υȢρὔ

ὥ
Ὂ

ά

υȢρ

σȢπ
ρȢχ άȾί
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Summary of Lecture 2

uDesign of Link

uDesign of Joint

uDesign of Mechanism
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Outline of Module 1

u Robot Systems

u Robotõs Mechanical Systems

u Robotõs Control Systems

u Controllers

u Actuators

u Sensors

u Robotõs Programming Systems

What to design?
Å The best systems in the universe 

are static systems

Å Most systems in the universe are 

dynamic systems

Å Our goal is to make dynamic 

systems to be closer to static 

systems
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Design, Machine, Control, Intelligence

Robot Controllers

MA4825 Robotics

Xie Ming, PhD (France)

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

Module 1

Lecture 3
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Outline of Lecture 3

uBasics of Controller

uDesign of Memory

uDesign of ALU

uDesign of Digital IO
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Outline of Lecture 3

uBasics of Controller

uDesign of Memory

uDesign of ALU

uDesign of Digital IO
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Example of Use of Human Brain/Mind

u Person A tells person B: òPlease read this question carefully and 

give me the answer: what is the sum of 6 + 9?ó. Explain the 

mental activities of person B when she or he reads the question 

and produce the answer.

u Answer:

Person B Person A

What is the sum 

of 6 + 9?

1. Read and store the question

2. Interpret the meaning of instruction ñ+ò

3. Read the operand 6

4. Read the operand 9

5. Do arithmetic operation of ñaddò

6. Store the result ñ15ò

7. Synthesize the answer ñThe sum is 15ò

8. Pronounce the answer

9. Wait and listen to the reply from person A
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Blueprint of Human Brain

Cerebrum

Cerebellum

(Control Unit)
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Characteristics of Human Brain and Mind

u Is able to memorize past, present and future

u Is able to capture input data 

u Is able to undertake operations with numbers

u Is able to undertake operations with numbers/symbols

u Is able to produce output data

u Is able to control mental operations

u Is able to control physical actions

u Is able to communicate

u Is able to learn human languages

u Is able to learn machine languages

u Is able to learn new knowledge and new skills, etc. 
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Does a robot need to have a brain/Mind?
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Example of Use of Robot Brain and Mind

u Person A asks robot B the following question: òIs it lunch time 

now?ó. Explain the mental activities of robot B when it prepares 

the reply.

u Answer: 

1. Read the current time T

2. Compare it with 12h00

3. If T > 12h00, compare it with 14h00

4. If 14h00 > T > 12h00, reply ñyesò

5. Otherwise, reply ñnot yetò 



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

School of Mechanical & Aerospace Engineering

Blueprint of Robot Brain

Control Unit
Memory 

Unit
ALU

Instruction 

Set

Bank of 

Registers

Bank of 

Timers

RAM

ROM

EPROM

Instructions

Data

Addresses

Arithmetic 

Operations

Logic 

Operations

Input Unit

Output Unit

Data

Instructions

Signals

Interrupts

Data

Instructions

Signals

Interrupts

Data BusAddress Bus Signal Lines
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Characteristics of Robot Brain and Mind

u Is able to memorize data (to use) and instructions (to do)

u Is able to capture input data 

u Is able to undertake arithmetic operations with numbers

u Is able to undertake logic operations with numbers/symbols

u Is able to produce output data

u Is able to control mental operations

u Is able to control physical actions

u Is able to communicate

u Is able to learn human languages (future)

u Is able to learn machine languages (future)

u Is able to learn new knowledge and new skills, etc. (future)
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Key Modules 

of Robot 

Controller

Robot

Controller

Input Unit
1. Digital Device Interface

2. Analogue Device Interface

3. Asynchronous Communication

4. Synchronous Communication

5. Digital Motion Sensor Interface

Central Unit

1. CPU/Architecture

2. Registers/Memories

3. Instructions

4. Programming

Output Unit
1. Digital Device Interface

2. Asynchronous Communication

3. Synchronous Communication

4. Digital Actuator Interface

5. Digital Motor Interface

Outflow of DataInflow of Data

1. Computation

2. Memorization
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Extended Version of Robot Controller

Brain 1 Brain 2
Sensor

MotorOutputInput

Digital 

Data

Analogue 

Data
Digital 

Data

Analogue 

Data



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

School of Mechanical & Aerospace Engineering

How to use robot

controller?
u Configure Control Registers

u Clear/Monitor Status Registers

u Read/Write Data Registers

u Instructions:

u MOV <address of destination>, <source of value>

u LDR <address of destination>, <source of value>

u STR <source of value>̦ <address of destination>

Word = 2 Bytes
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Standard Devices to Serve as Robot 

Controller: Cortex M Series
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Outline of Lecture 3

uBasics of Controller

uDesign of Memory

uDesign of ALU

uDesign of Digital IO
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Binary Number Systems

Binary Values

u 1 (Logic High)

u 0 (Logic Low)

Implementation

u +5 V (Logic High)

u 0 V (Logic Low)

Time

Value

0

1
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Binary Logic Operations
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Binary Logic Devices
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Example: NOT

AOUT=
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Example: AND
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Example: OR



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

School of Mechanical & Aerospace Engineering

Example: XOR
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Example: XNOR



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

School of Mechanical & Aerospace Engineering

Register: Single Bit Device

Clock
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Register: 8-Bit Shift Register

Right Shift

Left Shift

MSBLSB
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Register: 8-Bit Register (One Byte)
0D 0Q

1D 1Q

2D 2Q

3D 3Q

4D 4Q

5D 5Q

6D 6Q

8D 7Q

Clock

(Address)
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Example of 8-Bit Register (One Byte)
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RAM: Single Bit Static RAM

u Write Operation

u òWriteó line is in logic high.

u Transistor Tr1 is on.

u Q = D 

u Read Operation

u òReadó line is in logic high.

u Transistor Tr5 is on.

u B = 1 - Q

Q Q
D B

(Address)

Write Read

1-Bit

RAM

Write Read

D B
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RAM: Single Bit Dynamic RAM

u Write Operation

u òWriteó line is in logic high.

u Transistor Tr1 is on.

u Q = D 

u Read Operation

u òReadó line is in logic high.

u Transistor Tr3 is on.

u B = 1 - Q

D

Q

Q

B

1-Bit

RAM

Write Read

D B
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RAM: 8-Bit RAM (One Byte)

1-Bit

RAM

Write Read

7D
7B 1-Bit

RAM

Write Read

6D
6B 1-Bit

RAM

Write Read

0D
0B

éé
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Blueprint of Memory Unit
u A memory unit consists of a set of bytes. Each byte has eight bits. 

Each bit has one memory cell for read and write operations.

éé

éé
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Input to Memory Unit
u Input of memory unit includes: a) address of a byte, and b) data 

of one or more bytes. 

éé

éé

Na
Address Bus

Nd
Data Bus
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Example

u A memory unitõs address bus has 64 bits. Hence, Na = 64. What is 

the maximum number of bytes that the memory unit could have?

u Answer:

u The maximum number of bytes is: éé

éé

Na
Address Bus

1010103464 22222 ³³³=

37095516161844674407264=
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Output from Memory Unit
u The output from memory unit is data of one or more bytes.

éé

éé

Na
Address Bus

Nd
Data Bus
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Example
u A memory unitõs address bus has 64 lines. And, its data bus has 32 

lines. Hence, Na = 64 and Nd = 32. At one time, how many bytes 

could the memory unit read or write?

u Answer:

u At one time, 32/8 = 4 bytes could be read or written.

éé

éé

Na
Address Bus

Nd
Data Bus
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Activities of Writing Programs Include 

òManagement of Memory?

Values of Data

u int  x, y, z ;

u x = 10.0 ;

u y = 5.0 ;

u z = x + y ;

Values of Addresses

u int   *x,  *y,  *z, a, b, c ;

u x = &a;   *x = a;

u y = &b;   *y =  b;

u z = &c ;   *z = c;

An ampersand is a logogram "&" representing the conjunction word "andñ. 

In C, it means the address of a variable. 
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Activities of Writing Programs Include 

òManagement of Computation?
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Outline of Lecture 3

uBasics of Controller

uDesign of Memory

uDesign of ALU

uDesign of Digital IO
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Blueprint of ALU

Arithmetic

Module

Logic

Module

MUX

Operand 1

Operand 2

Result

Result

Result
Opcode Status

Status

Status Register
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Design Example of 8-Bit ALU

Opcode Sum
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Working Principle of ALU

Status Register
























































































































































































































































































