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» Module 1: Foundation of Al Sensors

» Module 2: Sensors for Electrical Systems
» Module 3: Sensors for Mechanical Systems
» Module 4: Sensors for All Environments

» Module 5: Sensors for All Industries
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Remember your mission as MAE
undergraduates ...

»You are here to grow your knowledge
and skills so as to be able to design
machines with controllable behaviors
and hopefully in some intelligent
ways.
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How to fulfill your mission?

» To apply learnt knowledge and skills into the implementation of the following
universal blueprint underlying all the intelligent machines or systems.

User’s
Instructions : :
Planning Digital || Perception
Modules Workspace Modules
Autonomy T
Control Sﬁsntcelénrs Actual
Modules Control Workspace
Automation
Sensory
Modules
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Why to study this course?
o _; Y =

| Traffic Management 9 Aif Pollution »
Smart Parking @
: Electromagnetic
| Emissions
Internet of Things G G
J,
Smart Buildings

((( r)))

Public Safety
Smart Home
Gas & Water O
Leak Detection Smart Environment

D O

We are living inside an ocean of signals
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How to study this
course?

» To put yourselves into the
mindset of designers of
networked sensors as
products:

» Who are the users?
» What are the needs of users?

» What are your Internet of
Sensors, which could meet
the needs of your users or
buyers?

» What are the solutions
behind the design of your
Internet of Sensors?

Practice with MATLAB

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 are you gOing to StUdy 'in Module 1: Foundation of Al Sensors

*  Basics of Physical World
* Randomness of Physical World

t h i S CO u rse? . Basics of Conceptual Worlds

*  Fuzziness of Conceptual Worlds

Randomness

—

= =

Action

Physical

Conceptual
Al Loop

World World

=

=

N~

Module 2: For Electrical Systems Module 3: For Mechanical Systems Module 4: For All Environments ~ Module 5: For All Industries
Measurement of Voltage Measurement of Position Measurement of Pressure Measurement of Fluid Level
Measurement of Current Measurement of Velocity Measurement of Temperature Measurement of Flow Rate
Measurement of Resistance Measurement of Acceleration Measurement of Humidity Measurement of Sound/Voice
Measurement of Capacitance Measurement of Force Measurement of Vibration Measurement of Photometry
Measurement of Inductance Measurement of Torque Measurement of Air Quality Measurement of Geometry
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How to apply?

Directly-detectable

Readable Values

N
7

Not-Directly-detectable Directly-detectable
) . Measurement Sensory Data with AI SensorS
Physical Quantities Unbounded Error
Under Measurement SenSi ng >
—> i [ Languages |
Sensory Data with Sz {B eli efs}
. . Bounded Error . .
Calibration > | Fuzzification >
{Texts}
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Today’s Lectures ...

>

» Module 5: Sensors for All Industries
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Outline of Module 5

» Lecture 1:

» Measurement of Fluid Level
» Lecture 2:

» Measurement of Flow Rate
» Lecture 3:

» Measurement of Sound/Voice
» Lecture 4:

» Measurement of Photometry
» Lecture 5:

» Measurement of Geometry
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Outline of Module 5

» Lecture 1:
» Measurement of Fluid Level
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Outline

» Understanding of Fluid Level

» Computation of Fluid Level

» Measurement of Fluid Level

MAX
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Outline

» Understanding of Fluid Level

» Computation of Fluid Level

» Measurement of Fluid Level

MAX

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



Nanyang Technological University

What is fluiad?

» Fluid refers to any substance which could undergo continuous movements
in the form of flow.

» Fluid includes substances in liquid state and gas state.

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



About Shear Stress, Shear Strain and
Shear Rate

Shear stress is the co-planar force per unit area.

P —— — —

y \_)\ AN
Yy =—X— L
At [ —~

Side view: from cube to parallelogram

Shear Strain Rate or
Rotational speed
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What is Newtonian fluid?

NEWTONIAN, HIGH VISCOSITY

PSEUDOPLASTIC

TRUE PLASTIC

SHEAR STRESS
(TORQUE)

DILATANT

/

NEWTONIAN, LOW VISCOSITY ﬁ [ 1
SHEAR RATE
(ROTATIONAL SPEED) ﬁ t. I
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Example of Newtonian Fluids
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Example of Non-Newtonian Fluids

Cream of Milk Ketchup
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Example of Non-Newtonian Fluids

» Using just cornflour and water, you can make a non-Newtonian liquid.

MakeAGIF.com
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Example of Non-Newtonian Fluids

Tt

Grass is
a Non-Newtonianh
liquid, who kKnew?
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Fluid Storage in Industry
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Understanding Fluid Levels (1)

» Within a same fluid system, the pressure at a same level remains the
same.
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Understanding Fluid Levels (2)

» The flow levels of two different fluid systems can be different.
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Understanding Fluid Levels (3)

» Fluids flow from places of higher pressure to places of lower pressure until
the pressures or fluid levels are equals.

T

ELEVATION
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Understanding Fluid Levels (4)

» It is important to know that fluid in a tank could produce Buoyant
Force. Buoyant force is equal to the weight of displaced liquid.

Before

—— — —

Weight Loss = Wei

ght of Displaced Liquid
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Outline

» Understanding of Fluid Level

» Computation of Fluid Level

» Measurement of Fluid Level

MAX
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One important parameter of storage
tank is liquid level ...

)

Viesson 1

What is Liquid Level?

Level

e— B i e

> »l o) 0:07/1:32
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Equations of Computation

» Fluid level is a function of net change of fluid’s volume in a tank.

Outlet \
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Example

Inlet / B
» As shown in the figure, the section ™ ===={s

area of the tank is 100.0 m2. The
flow at the inlet is 20.0 m3/h while
the flow at the outlet is 18.0 m3/h.
What is the change of the level h
within 10.0 minutes?

Outlet \

» Answer:
AQ=0, -0, ., = 20'2(;(1)8'0 = 310 m’ / minute
Ah—AQAt— - X 10 X 1 = 3.33
~"B 30 100 oM
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Example

» As shown in the figure, the section
area of tank A is 50.0 m? while the
section area of tank C is 45.0 m2.
The initial level of tank Ais 5.0 m
while the initial level of tank C is 1.0
m. If the flowrate is 0.5 m3/h, how
long will it take for the levels of
tanks A and C to be equal?

» Answer: A,h, +Ache; =Ahy,  +Ache = (A + AR,

Ah, +A-h,..
hf: Aj’l c'tc, :50X5+45X1:3105m
A 50.0+45.0

_ AAh 45.0%(3.105-1.0)
AQ 0.5

At =189.45h
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Example

» As shown in the figure, what is the flow change in tank C2 if the fluid
levels remain constant?

» Answer:

o = 41 +qiz

§1+qn—>j>_Q]':.h ((:&:*— O +4qn
t ;

f—l|+h| ﬁz-&-hz
4 l —1'>T<‘|— L l —&:—»éuéwqo
Jd R, \ R
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Example

» The areas of tanks 1, 2 and 3 are the same and are equal to 25.0 m2. If
Q12=0.2 m3/h and Q23 = 0.15 m3/h, what are the level changes of tanks
1, 2 and 3 within 30.0 minutes?

> Answer: Ah, = O_AQIZ = _205'2 =—-8mm/ h —)» Level change in tank 1 is -4 mm

Ah, = Op=0y _02-015 _ ymm/h => Level changeintank 2is 1 mm

A 25

_0,-0_0.15-0
A

Ah, =6mm/ h —> Level change in tank 3 is 3 mm
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Outline

» Understanding of Fluid Level

» Computation of Fluid Level

» Measurement of Fluid Level

MAX
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Measuring fluid levels ...
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Controlling fluid levels
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Controlling fluid levels ...
o e o o<
[ h

-

Reservoir

Drain Tube

Water Treatment Plant

DEMINERALISED AND
ULTRA PURE WATER

Submersible Pump

CONSISTENT HIGH

SYSTEM LIFE CYCLE / QUALITY WATER

JM OPTIMISATION Mechanical Linkage

=
|
N,

’ c. BOREHOLE WATER Fluid Valve or Meter
3 TREATMENT

C

POTABLE WATER

PROCESS WATER
TREATMENT
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Principles of Measurement

» Principle 1: Liquid level is converted
into pressure, which could be converted
into DC voltage. DC voltage could be
automatically measured.

System

» Principle 2: Liquid level is converted ==
into capacitance, which could be oo
converted into DC voltage. DC voltage
could be automatically measured.

» Principle 3: Liquid level is converted
into resistance, which could be
converted into DC voltage. DC voltage
could be automatically measured.

» Principle 4: Liquid level is converted
into buoyant force, which could be
converted into DC voltage. DC voltage
could be automatically measured.

2-wire i.s. HART

Max ==

Min =t=

Resistance

1L

Pressure
Transducer

Force
Transducer

signal Out
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How to apply principle 1 to design digital
measurement and sensing systems for fluid

level?

» Fluid level is converted to pressure which is then converted to voltage.
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Fluid Level/ Voltage Digital
Counter

Fluid Level

Pressure ‘
S Synthesizer

Voltage

Stop signal

Pressure

P{/ﬁf::;ee/ Voltage Analogue Digital
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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HOW to Convert fluid Gas or Vapor Pressure
level to differential o B
pressure

Maximum Detectable Level

Drain

Valve Minimum Detectable Level

» We use a diaphragm.

» One side of the diaphragm is exposed to low : -
pressure above the fluid inside a tank. ‘>1’ ( (z’

» The other side of the diaphragm is exposed to high
pressure at the bottom of a tank. Diaphragm

AP =P, — P, = pgh jl> h=—
Pg

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to convert fluid level to gauge
pressure?

» Atank is open to atmosphere. We use a diaphragm. One side of the
diaphragm is open to atmosphere. The other side of the diaphragm is
exposed to high pressure at the bottom of the tank.

C)Tankt
nto p—
(P) (P2 Atm%.gphere
> <
Gauge
_ Pressure
Diaphragm Sensor igh Pressure
\ onnectlon
— Vented to
P 2 P 0 Atmosphere P\ —
Low Pressure Instrument Isolation
Connection Valve
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How to apply principle 2 to design digital
measurement and sensing systems for fluid

level?

» Fluid level is converted to capacitance which is then converted to voltage.
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Fluid Level/ Voltage Digital
Counter

Fluid Level

Capacitance ‘
S Synthesizer

Voltage

Stop signal

Capacitance

Capacitance/ VS Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert fluid level to
capacitance?

Capacitance
measurament

» Two parallel plates are placed inside —
the fluid of a tank.

Covered by polymer film

Capacitor Capacitor

» Each plate is covered by a layer of plate plate
thin-film of polymer (i.e. insulting
materials).

Liguid dielectric

» The level changes of the fluid will
cause the changes of the
capacitance.

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

capacitor measuring

steel rod

(B)

nsulating wall
material
(dielectric)

Capacitor in Cylindrical Shape
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How to apply principle 3 to design digital
measurement and sensing systems for fluid

level?

» Fluid level is converted to resistance which is then converted to voltage.
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Fluid Level/ Voltage Digital
Counter

Fluid Level

Resistance .
eI Synthesizer

Voltage

Stop signal

Resistance

Resistance/  [RYNEN- Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert fluid level to resistance?

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



Nanyang Technological University

How to apply principle 4 to design digital
measurement and sensing systems for fluid
level?

» Fluid level is converted to force which is then converted to voltage. Finally,
the voltage is measured by digital voltmeter (e.g. microcontrollers).

Fluid Level/ Voltage Digital
Counter

Fluid Level
Force

Conversion Synthesizer

Voltage

Stop signal

Force/ Volt 101
ol oltage Analogue Digital

Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert fluid level to
buoyant force?

>
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plate

A floating object is placed inside a tank with AN

fluid.

The floating object is acting on a piezoelectric
material.

When the fluid’s level changes, the floating
object’s buoyant force changes. Transducer

Such changes are converted into voltage
changes by the piezoelectric material.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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There are many other principles ...

« Measurement of discrete levels Radar level

. sensor/Transmitter
« Measurement of continuous levels 'S
2 36
RF Transmitter \: 1 = Transmitted Signal ___5__20
Ultrasonlc & l é ! = = = » Reflected Signal ;_30
LIS
Process liquid
float

chamber

indicator
/ tube

7 magnet

- magnetized
indicator

B float

\\\Torque tube

“
: {( - \\ 7 assembly
L/ wates
QN\_/_ﬁ y level
L= i
- displacer

" @ m:l water
Seal Pot
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Example of Using Vibrating Fork ...

The vibronic measuring principle
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[llustration ...
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One more example ...

Receiver

Light
from LED

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;

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



Nanyang Technological University

Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage

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

» Understanding of Fluid Level

» Computation of Fluid Level

» Measurement of Fluid Level

MAX
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Outline of Module 5

>
>
» Lecture 2:
» Measurement of Flow Rate
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Outline

With Backflow Prevention Assembly

-

» Understanding of Flow Rate

iiiiiiii B

» Computation of Flow Rate

» Measurement of Flow Rate
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Outline

With Backflow Prevention Assembly

-

» Understanding of Flow Rate

13|88

Wi

» Computation of Flow Rate

» Measurement of Flow Rate
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Phenomenon of Fluid’s Flow

__

Laminar Flow Turbulent Flow

Low viscosity Laminar FIOw =i

Turbulent FlIoOw =i
CIC I
I ¢ & Ay
DI R

1)

High wiscosity

!
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Phenomenon of Drag Force in Flow

F, :%CDpsz

Flow of Substance in Gas State
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Phenomenon of Drag Pressure in Flow

F |
PD:7D:§ Dpvz

Counter/Motion sensor

tdp
y Rnr,; support

F AT AR - AR
b ol e ’ f"_:‘ | -I
....... - J TP Y Flow direction s Flow direction
------- > PR i '
D rbine rotating direction
"""" "‘ "" AR TS LR MW*W ALAAY

Turbine

Flow of Substance in Liquid State
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Phenomenon of Continuity in Flow

Bernoulli's Equation

(Conservation Equation)

hy h
Aq 1
L
P+ phg + 5 ov- = Constant

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

» It refers to the displacement of fluid’s volume per unit of time.

Initial position.
Time, t=0,

Fluid has moved to
the right by time t>0.

Fluid Velocity

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

» It refers to the displacement of fluid’s mass per unit of time.

m:d_m:prD
dt [

— pAV Initial position.

Time, t=0,

mass = density x volume

Fluid has moved to

the right by time t>0.

D
V=—
t

S

Fluid Velocity

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

Which tank will fill first?

a3

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

- Which Tank will fill first?

b ik s
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Outline

With Backflow Prevention Assembly

-

» Understanding of Flow Rate

13|88

Wi

» Computation of Flow Rate

» Measurement of Flow Rate
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Example

» As shown in the figure, the tank’s section area is 15.0 m2. If the
water level increases 10.0 cm per minute, what is the volumetric
flowrate of the inlet pipe?

» Answer: —

Change of volume

AV
O=—o-
f=ftlow At
Water @
R ANL_15.0x0.1
0= =27 —0.025m’ /s
| At 60.0

| fdt = volume

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

» As shown in the figure, the density of water is 1000 kg/m3. Az
decreases bmm/s. If the tank’s section area is 25.0 m?, what is
the mass flowrate at the exit of the outlet pipe?

Change of mass

» Answer: = ——
dt
dm dh
m=——=pA—
dt dt
Density p AZ
D
— - m = 1000 X 25 x 0.005 = 125 kg/s

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

» As shown in the figure, the pressures at points 1 and 2 are P1 and
P2, respectively. The section areas at points 1 and 2 are A1 and A2,
respectively. What is the volumetric flowrate inside the pipe?

P, | | |

Py — Py
P,

» Answer: (next slide)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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An Swe r Volumetric Flowrate = Constant

/

» 1. Application of continuity equation:

Avy =4, ) v, =(4/4)V

Fluid Velocity
» 2. Application of Bernoulli Equation:
1 | > 2 2Ap —p,)
+ — = + — — V, =V, =
P 5 PvV, = D, 5 PV, / 1 -
2(p, — P,) 2(p, —

Vi = 1 22 > O=A4Av, =44, (P12 pzz)
p((4,/4,)" —1) p(A —A4;)

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

» As shown in the figure, vegetable oil flows inside the pipe. The density
of the oil is 910 kg/m3. Assume that the section area A is 25 cm? while
the section area A1 is 9 cm?. If the pressure difference is 0.1 atm, what
is the volumetric flowrate inside the pipe?

2(p,—p,)
Q=4v, = AlAZ\/ 12 22
p(Al —A4; )

» Answer:

2% 0.1x101325kg/m.s?
910 x (0.0025% — 0.0009?)

Q = 0.0025 x 0.0009 X\/

------------- - SRERRER
:::::::::::::::::: ----- [ 0 = 0.00455 m3/S
““““ -
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Outline

With Backflow Prevention Assembly

-

» Understanding of Flow Rate

13|88

Wi

» Computation of Flow Rate

» Measurement of Flow Rate
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s fluid’s flow rate important?

» Without flow rate, there will be no supply systems of fluids.
S
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Applications of Fluid
Supply Systems in
Industry

Nanyang Technological University

—— 7l7 = ¥
=T ,_r i’ W
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& i e
S i |
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e E—

u \w \\V\\\\ |

Chemical Plant

Hydro Power Plant
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Overflow
Pipe

Applications of
Water Supply
Systems in Home

Cold Water
Supply to H/W
Cylinder

Stopcock
Ball Valve

Gate
Valve

Gate
B I Valve
L i

[
» Water Storage ‘E:f:?é’f:E" l 1]_“&'.’:’@2‘:;‘: Epr TL
|

. . . Cistern Supply Pipe
 Water Distribution |

|
| v
|
|
| Hot Water
| «— Supply
|
|
| |
I

Stopcock |

Outside I

House -
P +—— Stopcock

A
| -ﬁ | Hot Water Supply ee—

Low Pressure Cold Water s

High Pressure Cold Water from Rising Main s == s =

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



Example of Water Supply Systems to Homes ...




When there is a supply of fluid, we need
to monitor or charge the consumption?

The consumption of fluids could be charged by the amounts of volumes.

The consumption of fluid could also be charged by the amounts of masses.

81
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Example of Measuring Flowrates in Petrol
Stations ...

100
130 ~ 130
139; £ 139;
132\ 138 132\ -138
— CONTROLLER CONTROLLER
136 1136
usT 10z
134 I 134
©
FUR oot | Ao MAIN _A | SN e . e
104 108A 108B I L
® f coNDUIT J N -
STP —= = I —
106—" JJ i 8215
L T
120\ L 38b
Pal 90a-4
T
110 '
BILLING POSs/ I i) .
NETWOR| SITE 12 q_
CONTROLLER i 561 s6oh | [—80
| -89a]]
H—&0b
/ .
20 40a( ] l AN
Petrol Filling Station \ V) Lol #ab
-+ - dda | | |88
— - L m\wgn,. = | L ! &8n
: ( — 3 | || @) Dy
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Example of Measuring Water Consumption at
Home ...

Community
water supply
disinfection
filtration

SN

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



Example of Measuring
Flowrates in Rivers ...




Nanyang Technological University

Principles of Measurement

» Principle 1: Fluids are normally electrically
conductive. When such fluids flow under magnetic
field, electrons could escape and travel toward the
direction which is perpendicular to the fluid’s flow.
The escaped electrons will build up voltage which
can be measured.

L S5—
» Principle 2: The difference of fluid velocities inside a -
pipe will cause the pressure difference, which can be
measured. I“

» Principle 3: Heat could be injected into a pipe. The

profile of temperature distribution inside the pipe is Te;”epaet:s;“;f:nfgsfrs
a function of flowrate. The values of temperature Wé
help to determine the flowrate inside the pipe. =
—
—
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How to apply principle 1 to design digital
measurement and sensing systems for fluid

flowrate?

» Fluid flowrate is converted to voltage which is measured by digital voltmeter
(e.g. microcontrollers).

Voltage Digital
Synthesizer Counter

Voltage
Flowrate/ Vol S

Fluid Flowrate Voltage olage Analogue D.lgltal
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!

Stop signal
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How to convert flowrate into voltage?

» A magnetic field is perpendicularly applied
to a pipe.

» When an electrically-conductive fluid
flows, magnetic force will be act on the
electrons of the electrically-conductive
fluid.

u=k*B*v*d
|| uis the induced voltage
. B is the magnetic field strength between

» Magnetic force will push electrons to move
toward another direction which is o o s
perpendicular to both the magnetic field - ———
and the flow. A

" k is a factory-set calibration factor.

» The voltage built-up by these electrons

can be measured. u = kdB \ %
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How to convert flowrate into voltage?

3 ]
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How to apply principle 2 to design digital
measurement and sensing systems for fluid

flowrate?

» Fluid is passing through a section of special tube which creates variable
pressures along the flow. In this way, fluid flowrate is converted to
differential pressure which is then converted to voltage. Finally, the voltage
is measured by digital voltmeter (e.g. microcontrollers).

Fluid Flowrate/ VOltage Dlgltal
o Synthesizer Counter

Conversion

Fluid Flowrate

Pressure

Stop signal

resue. O Analogue
Conversion Com parator

All microcontrollers are programmable digital sensors of voltage!
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How to convert flowrate into differential

pressure (or pressure drop)?
» A Venturi pipe is added to piping system.

» The throat of the Venturi pipe will cause a pressure difference
which could be converted into voltage.

2(p,—p,)
Q=A4v, = AIAZ\/ 12 22
p(A7 —A4y)

[4——Convergent ot o Divergent — ]

Throat
\/
— S

L_Tg C Resistance to fluid’s flow

Pressure Drop
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How to convert flowrate into differential
pressures (or pressure drop)?

VIR R PR R P ERAR R PR BB ]

Orifice - Nozzle - Venturi
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Other solutions for 51— S
taping differential i :
pressures ... -

| LRISReX =
>
| I | 7O 50 ¢ =2

HEEE

IHIIIHIg

W ITTTTTTTTTTTTTT1t

------- - —
....... , N /ressure applngs\
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How to apply principle 3 to design digital
measurement and sensing systems for fluid
flowrate?

» Fluid flowrate is converted to temperature which is then converted to
voltage. Finally, the voltage is measured by digital voltmeter (e.g.
microcontrollers).

Fluid Flowrate/ VOltage Dlgltal
R Synthesizer Counter

Conversion
Voltage

Fluid Flowrate

Temperature

Stop signal

Te":};ftr:;:re’ Voliage Analogue Digital
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert flowrate into

?
temperature: flowrate = f(AT =T, —Ty)
» A heating element is placed o e R i
onto a pipe together with I -
two temperature sensors:
one at upstream and the =
other at downstream. o Flow of Bas oriligiid
Temperature Heater Temperature
» The profile of temperature sefgord  Hepent e
distribution is a function of =

fluid’s flowrate.

Flow of Gas or Liquid
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Example of Implementation ...

» Heater is outside the pipe ...

flowrate = f(AT =T, — T;)

Upstream Heater Downstream
Thermopiles Thermopiles
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Example of Implementation ...

» Heater is inside the pipe ...

flowrate = f(AT =T, — Ty)

Temp Probe 1 Temp Probe 2
Cold fluid Heat
S>> —a>SHp T Wy
Hot Fluid
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Example of Implementation ...

» Heater is inside the pipe ...

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



How to convert flowrate into temperature?
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Inlet
Remem ber to DO L Reference
Calibration A Flowrate
» Curve fitting for calibration: /
. : 0
» Yiis produced by Xi
» Ziis computed from Yi Outlet
Measurement

» Zi must be equal to Xi l
Calibrated Values Z;

Measured Values Y; Xi B Sensmg

A | {} 7
* Calibration > 7
,}'/////
a"*////
"/// > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Discussion: What is the primary purpose
of Blood Flow Systems in Human Body?

Oxygenated blood

to upper body
Deoxygenated
bloo)éyPo lungs

Deoxygenated blood ¥ ¥ ¢

from upper bo

Deoxygenated blood ¥
from lower body Oxygenated blood
o lower

t body
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Discussion

» Can we consider the pulsed
wave of human body’s blood
as discrete flow?

1. Hemoglobin absorbs lights.
2. Contracted vessel produces more reflected lights.
3. Expanded vessel produces less reflected lights.

Photodetector "LED ¥
Measures Incident light Emitslight &

» Can we determine the
average of flowrate from the
number of pulses per second?

v & 1‘ F 2
sub b ol ¥
WA A A & Contracted

Photodetector
Measures Incident light & Emits light

Heart beats

i
2o ——

Xpa nded

Artery Pulse Wave Artery Pulse Wave
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Summary

With Backflow Prevention Assembly

-

» Understanding of Flow Rate

iiiiiiii B

» Computation of Flow Rate

» Measurement of Flow Rate
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Outline of Module 5

>

>
>
» Lecture 3:
» Measurement of Sound/Voice
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NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Desien. Machi Control. Intelli
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UNIVERSITY =010, etge

Module 5 Lecture 3
MA4822

Measurement of Sound/Voice

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

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


mailto:mmxie@ntu.edu.sg

outine 100 BHED e

» Understanding of Acoustic Signals

1 Second

» Computation of Acoustic Signals

» Measurement of Acoustic Signals

\

Processing of Acoustic Signals
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» Understanding of Acoustic Signals

1 Second
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What is sound or voice?

» Audible acoustic sighals are called sounds
or voices.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to understand sound or voice?

Focus on:

> SOUnd/VOICG SOU rce Source/Path/Receiver Concept

Source Path Receiver

» Sound/Voice Path 1
: z

I |
L L

» Sound/Voice Receiver

Sound Sound
Production Cognition
and
Recognition
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Understanding Sound Sources (1)

» Mechanical vibrations cause vibrations of air. And, periodic

vibrations of air, in return, produce sounds.
t\
.- A

-
v

Sources of sound are .

Y

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

all around us.

3




Nanyang Technological University

Understanding Sound Sources (2)

» Mechanical vibrations cause vibrations of air. And, periodic

vibrations of air in return produce sounds.
n

3
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Understanding Sound Sources (3)

» Sound source emits energy, which manifests in the
form of pressure waves.

N aNaNle
T

/
U U U \/ « Condensation

 Rarefaction
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Understanding Sound Sources (3)

» Sound waves are P Waves.

P waves are longitudinal waves
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Example of P Waves ...

Condensation Rarefaction

Rarefaction Condensation

e
ANA

L
=]
=

Alr Pressure

114
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Understanding Sound Paths (1)

» Sound waves can come from everywhere.
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Understanding Sound Paths (2)

» Sound waves propagate in straight lines from sound
sources, and change directions due to reflections.

4 = AR ™
/::;,, a%%%b{f// \\\
o o,
e /e soynd source
potd P T %
e o -
s s e e
e & / e Ty ]
s - PR o el
;’// - . o ,-*/ AR e
7 ,// s A 54##‘:—#"!# ’\J'f
‘</ 7 // -~ f’i*"ff/j’ﬁ"‘f -’}'{f
[, ™ f/ f"’# :J’ﬁf_ Jéf “
\\ A P /,”;/
W /,.-*’”';-“'# e 4 Z7
L & ;/4’
s < <
P r f,;,
\Q“-‘. /4/ "'{’f
Extra length llﬁtﬁﬂ\e-f‘-x\"b P S
of sound path N “:-15"/ o
to far ear Sound source N Ay o
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Understanding Sound Paths (3)

» When sound waves meet in space, interferences occur. Two
basic modes of interference are

» a) constructive interference and

» b) destructive interference.

- Constructive
interference

Destructive
180° out _ interference
of phase =—

(
)
D

In phase

Y

)

(
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Example of Sound Interferences ...

. ! ! | |
| | ! ! !
' ' ' o cole cupe e e ev gt . L LoaeRe.
m L T e B ARRREE:
: %x’ B "’.,3'; VAT
Destrychve t : Destrque f
i ! ! -
. Constructive g Constructive
) | | | |
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Example of Sound Interferences ...

» When a signal contains two frequencies that are close
together, they can cause the signal to appear to have a
series of ‘beats’ - a pulsing pattern in the amplitude.

y=sin(1.8% 27 *t)

y=sin(2.1* 27 *t)
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Understanding Sound Receivers (1)

The input to, and output from, sound receivers are
one-dimensional signals which are functions of time.

Signal frequency: 113 Hz

120
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Example of Sound Receiver ...
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Understanding Sound Receivers (2)

» When you hear nothing, it does not mean that
there is no sound.

Stevie Phillip
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Understanding Sound Receivers (3)

» What you hear may not be exactly what the source
emits if the source has a relative speed toward, or

away from, you.
Doppler Effect

Low Frequency High Frequency
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Understanding Sound Receivers (4)

» The frequency of sound increases if the source approaches
you. It reduces if the source moves away from you.

Movement of the source alters
the wavelength and the received
frequency of sound, even though
source frequency and wave

Source approaching: ' = % =
In period T, source moves
closer by vsT, so

= em . emey

velocity are e R T Thee - - S
unchanged. Receding sour
v
fl = f=

Stationary source / ! /
of frequency fgo,rce Source velocity

Vg | —™—

k Moving source

of frequency fygy ce

vy

o
-

f =V -
source Jl.- ?“1

Sound velogity v A=vT A=(v+v)T A= (v-vg)T
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Sound Signal Could Be Used to Modulate
The Frequency of Carrier Signal ...

Carrier wave
generated at
transmitter
W +- o
/ Frequency Modulated
c 3y carrier wave -- the
Fhi Electrical image FM Radio signal that
i of sound formed is transmitted.
L F by microphone
Sound's:ignal

to microphone
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Example of Modulating Frequencies

Higher frequency,
shorter period
when signal is
maximum.
Electric
Field

L.

Time

electromagnetic
carrier wave,

A Frequency modulated

LHIARAY

Lower frequency,
longer period when
signal is at negative
extreme.
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Sound Signal Could Be Used to Modulate
The Amplitude of Carrier Signal ...

/ Amplitude Modulated

RN o carrier wave -- the

. Electrical image AM Radio signal that

N of sound formed is transmitted.
A \\/ by microphone

Sound iignal
to microphone

Carrier wave
generated at
transmitter
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1 Second

» Computation of Acoustic Signals

\
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Why to do computation| == s

Window Length
° Overlapping /><>QQ<\
with sound waves? o
L Hop Overlap
Length | Length
» To synthesize sound waves from mw -
sine waves or cloned samples of Hlindanst MWW
. segments
phonemes in a spoken language. i i
» To decompose sound waves into - Ll O
sine waves or cloned samples of Analysis
phonemes in a spoken language. S—
1
*d‘fﬁvﬁﬁmw FFT Output 2
To synthesize m‘ FFT Output 3
Inflcr:re:lactliton To decompose AR

Text Spectrum
- [ [ T b

Explicit

Information
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Text to Voice Synthesis ...

Phasing
Intonation
> Text Wawve Form
Analysis > > Generation ’
Text Utterance Duration Utterance Speech
Composed Composed
of Word s Linguistic of Phonemes
Analysis
Speaker embedding

Language embedding
Style embedding

|

Prosody Duration + fO
model

__, Linguistic Acoustic Neural ))
front end Linguistic feature model Spectrum vocoder Audio

Speaker embedding
Language embedding
Style embedding
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Voice Synthesis by Robots

Text to Speech
Conversion

e

-

L
‘:::'-5
= 3
.
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Example of Phonemes in English ...

In English, there are 44 phonemes,
or word sounds that make up the
language. They're divided into:

* 19 consonants,

« 7 digraphs,

 5'r-controlled' sounds,

* 5long vowels,

* 5 short vowels,

« 2'00' sounds,

« 2 diphthongs.

Al Research

How to construct a
large database of
phonemes?
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What can be computed from sound waves?

—_

* Loudness: Energy

« Sharpness: Frequency Distribution
 Roughness: Amplitude Fluctuation

* Fluctuation Strength: Roughness below 20 Hz.

« Intelligibility: Degree of Being Comprehensible.
> Frequency | ‘ « Tonality: Patterns (pitches/chords) of sounds

» Energy

> Amplitude | s = ) Asin(2nft +¢)

Six parameters for sound quality evaluation

Fluctuation

Loudness  Sharpness  Roughness Tonality

strength

_ i Loudness Sharpness Sense Sense Speech Pure tone
%@ ))>>> Energy of of of of intelligibility  sensitivity
1 P sound sound roughness, fluctuation
> m-

rough texture,
trembling
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Energy of Sound Wave

P
4 r

P
Loudness=1= Level = 10 X 10g10(F) (decibel)

2 72

(absolute level)

sphere area intensity at I
4gre surface of sphere
source power
P

The energy twice as far fromthe 2t
Asee source is spread over four times
Energy the area, hence one-fourth the intensity. 3r
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Levels of
Loudness

ssaupnon

( THUN1200 Siren |—(@ID)

P [ THUN450 Siren

Loudness =]= F (" THUN250 Siren
r

THUN120 Siren
THUN150 Siren
THUN1200 Voice

Level = 10 X 10g10( ) (dECibEI) (' THUN450Voice | -

108 dE

412

( THUN250 Voice |

102 dB
[ THUN120Voice |— (I

(absolute level)

[ THUN150 Voice |

120

dB

g@' & @ ‘@,\@ & ZQ%\\Q T < ® <O s
1sec § & & T SEASE S S g0 S
<o \‘(o" O et & FE®
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Frequency Range of Sound Signals ...

s(t) = z Asin(2nft + @)

Diagnostic
Chemistry  /NDE

Infrasound
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Amplitude Range of
Sound Signals ...

ss3UpnoT

( THUN1200 Siren @D

. (| THUN450 Siren
S(t) = z A Sln(27Tft + (p) [ THUN250 Siren

THUN120 Siren
THUN150 Siren
THUN1200 Voice

CREST

[ THUN450Voice |

108 dE

High Amplitude ( THUN250 Voice |
Loud Sound

THUN120 Voice |— {00 4B
[

TROUGH ( THUN150 Voice |

Low Amplitude I /\_N\ 050
Quiet Sound
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How to compute frequency information?




How to preserve time information?

Value of T(t,f) represents

the contribution
of frequency f at time t

139
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What is spectrogram of sound?

A spectrogram shows the frequencies that make
up the sound, from low to high, and how they

SpeCtl’Og ram change over time, from left to right.

Power

Rotate 90°
Em— —— >
Frequency

20ms
t; t
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Example of Voice’s Spectrogram
Singing

5 a 'pp)ébir‘th iday ito iyou'

Speaking

-
—_

iHa ippy! birth | day ‘to ! you

Amplitude (a.u.)
o

Amplitude (a.u.)
o

1
g e e .

-1 H I H N : H N H -,
0.0 0.5 1.0 1.5 0.0 1.0 2.0 3.0
S 04l  iHaippyibith i day = ‘Ha ppybith  iday it Lyou
p : & : s 02t i P o : : : :
g 2
o 02} S 0.1
g ¢
D 0
0.0
N N
: £
Ty >
£ °
2 e
3 g
0.0 0.5 1.0 15 0.0 1.0 2.0 3.0
Time (sec) Time (sec)
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N o h » fs = 900; ts = 1/fs;
PraCtlce W]t P dt = 0:ts:1-ts; % have 900 discrete times
MATLAB b f£f1 = 25; £2 = 50; £3 = 75;

» sl= 20.0*sin (2*pi*fl*dt);
> s2 = 30.0*sin(2*pi*f2*dt) ;
(4 Figure 1 - a » s3 = 15.0*sin(2*pi*£3*dt) ;
File Edit View Insert Tools Desktop Window Help ¥
bl s = sl + s2 + s3;
- . | . | | | . | . b | subplot(4, 1, 1); plot(dt, sl, 'r');
) 0. 02 03 04 05 06 07 08 0.9 1 p subplot (4, 1, 3); plot(dt, s3, 'b');
20 I ‘ I ‘ ‘ ‘ I ‘ I
0 b | subplot(4, 1, 4); plot(dt, s, 'c') ;
=201 i ‘ A ‘ ‘ | i ‘ A T
0 0.1 02 03 04 05 06 07 08 09 1
20 ‘
0
_20 1 Il 1 Il L Il 1 Il 1
0 0.1 02 03 04 05 06 07 08 09 1
T T et et it rrnn
\ I I ‘\“‘\I\ \“ ] \‘ ‘\.“ I U‘“‘ I H“\ \‘ﬂ“,,“\,‘\q\\.“‘,,“,
op) |/ i ‘\"‘\'w"w‘"\’f\" kel ‘N“"\M\ \[\ ") || v “ | \\"’J\“‘r\""k
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Decomposing Sound/Voice to Sine Signals ...

% Asnd . S||d|ngW|nd0W x(I) Shdmngndow

= 1> ”11"1.“._ i J i JA‘

2 H""""H‘F'HF“ VIIPTRAT
¢ ¢ | + Time
E| [E] === =wws=- > 2
—~ & F

A YOy \

5

5

% % j _________ %

—
L Spectrogram or Gabor Transform T‘m‘a
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More lllustration ...

sz (|0
sane e e _alll AHH Sl

[‘l?j |F£T| IFiTI |F£T| FF£?1

Frequ n
SPECTRAL
FRAMES

Time

Sample Program in MALAB

clear all,

dt=0.001;

t = 0:dt:2:
fo = 50;

fl 250;

tl o

X = chirp(t,fo,tl,f1, dratic');

X = cos(2xpixt.x(f0 + (fl fo)xt.”~2/(3xt1°2)));

sound(4xx,1/.001)
plot(t,x)

spectrogram(x,128,120,128,1e3, 'ya
colormap

',1.2, 'FontSize',36);

set(gca, 'Line ntSi;
', [2500 100 1550 800]);

set(gcf, 'Position
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A Practice of FFT with MATLAB ...

fs = 900; ts = 1/fs;

dt = 0:ts:1-ts; % have 900 discrete times

f1 = 25; £2 = 50; £3 = 75;

sl= 20.0*sin (2*pi*fl*dt);

s2 = 30.0%sin(2*pi*f2*dt) ;

s3 = 15.0*sin(2*pi*£3*dt) ;

s = sl + s2 + s3;

slength = length(s);

slengthtopowertwo = 27nextpow2 (slength);
ftdatafull = fft(s, slengthtopowertwo)
ftdatahalf = ftdatafull (l:slengthtopowertwo/2);
, 1); plot(abs(ftdatafull), 'r'");
, 2); plot(abs(ftdatahalf), 'g');

subplot (2,
subplot (2,

vV vV vV vV v vV vV vy vV vV Vv VY

1
1
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4\ Figure 1 — O
ReSUlt XX File Edit View Insert Tools Desktop Window Help
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1 Second

» Measurement of Acoustic Signals

\

Processing of Acoustic Signals
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Sound/voice enable conversational
dialogues among human beings ...

Electronic _
SOU rce Transducer Processors Transmitter
‘ﬂm . - . LV .
Receiver Transducer ﬂ

Electromagnetic
e vavv< [ s [ =

Receiver
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Sound/voice
enable
conversational
dialogues
between human
being and robot

From Our 2008’s Project

A 4

Speech to Text
Conversion

v

Text to Meaning
conversion

”Intended Meaning or
Understood Meaning /

Speech or Scene
Synthesis

Soldier B

[

/

$" Speech

Speech \<:

]

Speech to Text
Conversion

v

Text to Meaning
conversion

Understood Meaning.

Intended Meaning or"

Speech or Scene
Synthesis

Soldier A
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Applications in Transportation ...

| 2 ;I ) 025/1:23

2076 Valva Cara \/nire-Cantral
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Applications in Automation ...

o[

-y '
v

)
.

| =5 e &

> b @) oz:/sos
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Applications in Robotics ...

Pl o) 005/7:58
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Applications in Medical Field ...

Ultrasound
Probe and Needle Manipulation

Instructional Video




Applications in Medical Field ...

— " - ———
- —— L -

ALTH EDUCATION

EDUCATION . STAMING . CONSULTING

154



Nanyang Technological University

Near-Field Far-Field

10

Many Other
Possible
Applications

(5] b =] =]
T T T T

Interaural level difference (dB)

o

=]
(=]

Frequency (Hz)

Banerypawer - 3 Sourcel Source2 ¥
5 P + ] i
v ) Mixture
Anal
|Mcroph(mH og = kW‘V’AVAUAV)\‘v
v

Sensor node Smartphone

Sensor

-

Preprocessing H Feature exu-actionl—){ Classification

| Source Separation I

Estimate 1 o a_Estimate 2

Wheeze detection algorithm

Who svoice
18 tlus"

— 4l Identification
‘ / System

Speaker Recognition

. B e L
- s
W " ~EE Dﬁ

=
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Principles of Measurement

» Principle 1: Sound wave is converted into variations of inductance, which are
then converted into time signals of voltage. The voltage signal could be
measured automatically.

» Principle 2: Sound wave is converted into variations of capacitance, which are
then converted into time signals of voltage. The voltage signal could be
measured automatically.

» Principles 3: Sound wave is directly converted into time signals of voltage, which
could be measured automatically.

Sound probe / o h
1 I
A
/ Audio - 2t
\ acquisition and |
[
. 1
, 1
) 1
/' Sela ; 1
. 1

amplification RISC
T Processor

_) Power
supply

Wireless
interface

Miniature f ! Microcontroller y

solarcells ¢ o rcapacitor\_Sensor Board
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How to apply principle 1 to design digital
measurement and sensing systems for

acoustic signals?

» Sound wave is converted into variations of inductance, which are then
converted into time signals of voltage. Voltage signal is measured by digital

voltmeter (e.g. microcontrollers).

Sound Wave/ Voltage Digital
Counter

Sound Wave

Inductance .
nvEr Synthesizer

Voltage

Stop signal

Inductance/ Voltage Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert sound wave to variations of
inductance?

» Air pressure acts on the diaphragm and makes it vibrate.
» The vibration of diaphragm makes the voice coils to vibrate.

» The motion of voice coils makes the inductance of the coils to change.

Wires carmving
electrical
audio signal

+

Sound = hagnet

Wigyes =
il

Diaphragm
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How to convert variations of inductance into
voltage signals?

» A permanent magnet is placed inside the voice coils.
» When the voice coils vibrate, the magnetic flux inside the voice coils changes.

» Such changes of magnetic flux will produce electric charges in voice coils.

Wires carning
electrical
audio signal

+
Sound = hagnet 2
Wiowes =

il

Diaphragm
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Example of Implementation ...
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How to apply principle 2 to design digital
measurement and sensing systems for

acoustic signals?

» Sound wave is converted into variations of capacitance, which are then
converted into time signals of voltage. Voltage signal is measured by digital

voltmeter (e.g. microcontrollers).

Sound Wave/ Voltage Digital
Counter

Sound Wave

Capacitance .
v Synthesizer

Voltage

Stop signal

Capacitance/ [RVSW Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert sound wave into variations
of capacitance?

» Air pressure acts on the diaphragm and makes it vibrate.
» The vibration of diaphragm makes one plate to vibrate.

» The motion of the plate changes the capacitance.
Cutput
Audin Signal

N

Front Plate Back Plate Battery
(Diaphragrm)

Sound =g
Yigyes =

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



Nanyang Technological University

How to convert variations of capacitance into
voltage signal?

» The capacitor together with a resistor forms a RC circuit.

» The RC circuit is powered by a constant DC source.

» When the capacitance changes, there will be a flow of electrons inside the
RC circuit, which will produce voltage signal across the resistor.

Qutput < Durai
Audio Signal “+Duration
C ~ Ringdown Counts
Rise Time ;. < /
N/ Amplitude

Sound = %
YWaves =
Threshold A :

Front Plate Back Plate Battery :
(Diaphragrm) :
Time

Voltage
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Example of Implementation ...
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How to apply principle 3 to design digital
measurement and sensing systems for

acoustic signals?

» Sound wave is directly converted into signals of voltage. Then, voltage
signal is measured by digital voltmeter (e.g. microcontrollers).

Voltage Digital
Synthesizer Counter

Voltage
Sound Wave Sm:/n(litV\;ave/ Voltage Ana[ogue Digita[
oltage .
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!

Stop signal
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How to convert sound wave into
time signals of voltage directly?

» To use piezoelectric transducer.

acoustic waves

piczoelectric
current
High input
impedance |——»
amplifier
support
piczoelectnic ceramic
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Example of Implementation ...




More Example of Implementation ...
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A Practice of Voice Acquisition with MATLAB ...

Fs = 3000; Ts = 1/Fs; Channels = 1; Bits = 16;
myrecorder = audiorecorder (Fs, Bits, Channels);
duration = 8 ; % 8 seconds

disp('Start recording ..."');

recordblocking (myrecorder, duration);
recordedsound = getaudiodata (myrecorder) ;
sound (recordedsound, Fs, Bits);

t=0:Ts: (length (recordedsound) -1) *Ts;

plot (t, recordedsound, 'Linewidth', 1.5);
xlabel ("Time (sec) '); ylabel ('Amplitude');

vV vV vV vV vV vV vV v v v Y

title('Time Signals of Recorded Sound or Voice');
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Processing Pipeline of Acoustic Signals

» It involves: feature extraction, learning/training, recognition, and
understanding.

i> Energy/Loudness

v
Digital Audio Signals I:{}MW@ Texts | = -
i | 4} Frequencies/Amplitudes
Acoustic Models
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Voice-Enabled Al Systems ...

4 ) o
Cognition of
. C .
Voice [ acoustic § S Reference Voices
. =2 O
:> Signal E> © © Reference
Acquisition QL \Voices
W | Re-cognition of N Planning of
_— Input Voices . Output fctions
Actions
‘ To
Take

Visit Advertiser

Up next

Pl o) 435/ 8:33

Raspberry Pi Voice-Activated Assistant - "Jasper”

- -

(Learnlng Teaching) <o> (Research, Innovation) <o> (Leadershlp, Service)



ummary 100NN D

» Understanding of Acoustic Signals

1 Second

» Computation of Acoustic Signals

» Measurement of Acoustic Signals

\

Processing of Acoustic Signals
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Outline of Module 5

>

>
>
» Lecture 4:
» Measurement of Photometry

>
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NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 5 Lecture 4
MA4822

Measurement of Photometry

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

http://personal.ntu.edu.sg/mmxie
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Outline
» Understanding of Visual Signals

» Computation of Visual Sighals

» Measurement of Photometry

» Practices with MATLAB

Should seeing be believing?
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Outline

» Understanding of Visual Signals

>

Should seeing be believing?
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Emission of Photons

» An atom or molecule can transit
between the ground state and
excited states.

» When an atom or molecule transits

from an excited state to the \ 4
ground state, a photon is emitted. absorption emission
e i Excited States
W &
=
o
@
" AE=hy AE= hv
hv - B hv
& ground state Sk
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|
Example LY
- L=
| N
/ |\\\\

Eo |Eq

before emission of photon after emission
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Sources of Light

» Any object, which emits continuously photons, is a light source.

light ray another ‘ |
light ray \ | / _
oA
— s
~— N _—
sphere of light = -
- around the == —
luminous source
0B Otoon A o
G Q O \
& /| "iV\ 4.
diarylanthracene di(styrylarylene

@ @ o
@,

@Savs oo BN Y I
< SR s

fluorene pyrene
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Example of Light Source ...

Short-fived Stats

b

Metastabhle State

n-type semiconductor > p-type semiconductor

I I
I e =_>Q’ «—o I
1 > «—o =

@ light-emitting layer “;Q"_

: e @ <o : ¢

I =ﬁ eo I -~

electrode electrode

] o— 00—
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Understanding Lights (1)

T —

» Lights travel in a straight line
from a source. Ray Moc

Light rays
- illustrate the travel

» The photons along a travelled oflight in a straight

line are called a light ray.

5

Phosphorescent Materials
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Understanding Lights (2)

» Light rays can be reflected so as to change the directions of travel.

incident light ray reflected light ray /

B
>
f—

normal to the interface
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Example ,

Incoming >
Rays Principal axis -

C F!
Reflected ; : 4,.
Rays : :
>- - :
TR XK : :
NN NN N l l
NN NN N l l
\\\\ \\ \\\ : :
\\:\\ . i Focal E
Reflection ! length !
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Understanding Lights (3)

» Light rays can travel from one media into another media.

» Such change of media will cause light rays to change direction of travel.
Such phenomenon is called refraction.

As the ray enters the glass from the
air, it changes direction towards the

normal. The angle of refraction is
less than the angle of incidence

“.‘ O Refracted ray

Angle of
refraction
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[Lllustration ...

<= Incident

normal

: I
Refracted Path ray would : i
transmitted have taken if : :
ray “»\\,  not refracted Lo
L3 nl
\ 9 wavefront of "y
oft light approaching =
€ glass block

Refraction

N

glass block
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Example
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Understanding Lights (4)

» Light rays can end the journey by entering light receivers such as eyes
or cameras.

This bundle
enters the eye

Direct Light Rays Reflected Light Rays
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Example of Seeing Object at Image 2

Lights could be interpreted by observers

N

Mirror 1

------------ Eye
Image2 ¥ ~T Tttt s, —————— y

Mirror 2
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Example of Image
Formation inside
Human Eye

Correcting farsightedness
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Understanding Lights (5)

» A transparent device, with two spherical surfaces sharing a common axis, is
called a lens.

» If the spherical surfaces are concave, the incoming light rays to such lens
will be diverged.

» When light passes through the centre of lens, it will not change direction.

» When incoming light is parallel to optical axis, outgoing light aligns with
focal point.

—hd-l—

Negative (diverging) lens
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Example of Using Concave Lens

» When light passes through
the centre of lens, it will
not change direction. Virtual Side Real Side

» When incoming light is
parallel to optical axis,
outgoing light aligns with
focal point.

2f

-3

concave lens light 2r
ray
principle
axis Object Size Image Seen
IUREIT B - SN T N — L. eF..
object image
light ‘i‘ ;

ray
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Understanding Lights (6)

>

A transparent device, with two spherical surfaces sharing a common axis, is
called a lens.

If the spherical surfaces are convex, the incoming light rays to such lens will be
focused.

When light passes through the centre of lens, it will not change direction.

When incoming light is parallel to optical axis, outgoing light passes through
focal point. gl

Focal point

Positive (converging) lens
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Example Of USing Convex LenS Cross section of Human Eye

» When light passes through the centre
of lens, it will not change direction.

Retina

» When incoming light is parallel to Q
optical axis, outgoing light passes .
through focal point.

Inverted Image
Of Object

Object
Virtual Side Real Side g

1

2f f N

Object Size Image Seen

1
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Example of Converting Lights into
Optical Images ...

1!

Subject \\ ~
Lens Camera Film
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Understanding Lights (7)

» Alight ray is composed of photon waves of different wave lengths
or frequencies, which create the sensation of colourful light rays.

Red
Orange
Yellow
Green
Blue
Indigo
Violet

Glass prism

Buddha’s Discovery: Colorless is colorful while colorful is colorless!
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Example

Incident
light

Violet
(410 nm)

What should be the Doppler Effect on lights?
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Example

TN AVAVA VAN
oange \J\/ \ U\

Yellow

SN AVAVAVAVAVAN
R VAVAVAVAVAVAV;

ndgo SNV VV VW
vioet N VVVVVVVW

N~—

Human Being’s Sensation
\

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



Example

< Energy Increases

102 meters 10 10¢ 10° 10° 103
1 nanometer 1000 nanometer 1 millimeter 1 meter 1 kilometer

Cosmic X-rays Microwaves Radio Broadcast

rays band
Gamma Ultraviolet Infrared

rays (UV)

YW\

Short Wavelenghts

Long Wavelengths

Visible Light

Ultraviolet Infrared

(Uv) (IR)

400 nanometers 500 nanometers 600 nanometers 700 nanometers

Wisdom of Buddha: Colorless is colorful while colorful is colorless!
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L
i

B e
P =
gl
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Understanding Lights (8)

» Red, Green and Blue are three primary additive colours. The mixture of
the primary additive colours can produce other colours.

Additive Color

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

Rose

Magenta

Chartreuse '

Green

Violet
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Understanding Lights (9)

» Light rays are electro-magnetic waves which can serve as signal
carriers for data communications.
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Example of Using Lights to Do Communications ...
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Outline

>

» Computation of Visual Signhals

Should seeing be believing?
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What could be computed from visual signals?

Geometry Photometry
» Path (Motion) » Luminance (or Intensity)
_ Colour
Space
» Direction (Appearance) » Chrominance (or Colour)

—_—

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



Nanyang Technological University

What is Path of Visual Sighals?

» Paths refer to the spatial locations that light sources pass through.
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What is Direction of Visual Signals?

» Directions refer to the angles of light rays with respect to reference
coordinate systems.

/ \y o u Leftimage

>
® !
o 7

Y2

u
oC—>

Image plane

Left camera
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Geometric Equation of Thin Lens (1)

| 1
s's, f
1 » f: Focal Length
S1: Distance to Object
S2: Distance to Image

Real image

Normal Scope
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Geometric Equation of Thin Lens (2)

1 1 1

R f Focal Length

Sl Sz f 5 (_)ca eng |
S1: Distance to Object
S2: Distance to Image

Microscope

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



Nanyang Technological University

Principle of Designing Microscope ...

Refraction thru a Convex Lens

, You can only see this image from
this side of the lens
Light g
virtual eye
image D
f object
nght real rays do not converge
A magnifying glass
gnitying g Convex Lens
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What is Luminance of Visual Signhals?

» Luminance refers to a single value which represents the energy
levels of light rays.

Grey Scale Levels
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What is Chrominance of Visual Signals?

Chrominance refers to a set of two values which represent the colour
information of light rays.

With Colours Without Colours
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Colour Spaces of Visual Signals

» The values of luminance and chrominance form three-dimensional
colour spaces.
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Example of RGB Colour Space

RGB Color Space

Blue

L
L
N
N
.
N
LN
LN
LN
L
L
1

Green Red
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Example of L*a*b Colour Space

White |

+b
. Yellow
-3 — +a
Green Red

Black
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Example of HSV Colour Space

» Hue (colour angle), Saturation (colour amplitude), Visual Brightness
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How to Convert RGB Colour Space
to L*a*b Colour Space?

Solution:

X 0.607 0174 0200 R
Y [=10299 0587 0114 | G
Z 1 0.000 0.066 1116 || B

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

max max

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

max

J\
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RGB Working Space |Reference White RGB to XYZ [M]
0.57€67309 0.1855540 0.1881852
Adobe RGB (1998) D65 0.29737€9 0.€6273491 0.0752741]-
0.0270343 0.0706872 0.9911085
0.4497288 0.316248€ 0.184492€
AppleRGB D65 0.2446525 0.€720283 0.0833192]-
0.0251848 0.1411824 0.9224628
0.E32€6E69€ 0.2045558 0.126994€
Best RGB D50 0.2284569 0.7373523 0.0341508
0.0000000 0.0095142 0.815€858
0.6712537 0.1745834 0.1183829
Beta RGB D50 0.303272€ 0.6637861 0.0329413]-
0.0000000 0.0407010 0.7845080
0.4€741€62 0.2944512 0.188602€
Bruce RGB D65 0.2410115 0.€835475 0.0754410]-
0.0219101 0.073€128 0.9933071
0.4887180 0.3106803 0.2006017
CIE RGB E 0.17€2044 0.8129847 0.0108108]-
0.0000000 0.0102048 0.8897852
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Ekta Space PS5

D50

0.5938914
0.2€0€28€
0.0000000

0.2729801
0.73494€5
0.04189S€S

0.097348S5
0.004424S
0.7832131

NTSC RGB

0.€0€8S0S
0.29851€4
0.0000000

0.1735011
0.5B8€5950
0.0€€0857

0.2003480
0.1144845
1.11€2243

PAL/SECAM RGB

D65

0.430€1S0
0.222037%
0.0201853

0.3415418
0.70€€384
0.1255504

0.1783091
0.071323€
0.5350944

ProPhoto RGB

D50

0.797€749
0.2880402
0.0000000

0.1351617
0.7118741
0.0000000

0.0313534
0.0000857
0.8252100

SMPTE-C RGB

D65

0.38358%1
0.2124132
0.0187423

0.3€52487
0.7010437
0.1118313

0.191€313
0.08€5432
0.95815€3

sRGB

D65

0.41245€4
0.212€728
0.0183338

0.35757€1
0.7151522
0.1191520

0.1804375
0.0721750
0.8503041

Wide Gamut RGB

0.71€104€
0.2581874
0.0000000

0.10082S€
0.7249378
0.0517813

0.1471858
0.01€8748
0.7734287
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How to Convert RGB Colour Space to
HSV Colour Space?

Solution:

M =max{R/255,G /255 B/255}
m=min{R/255,G/255,B/255}

C=M-m
[ G/255-B/255 if M = R/255
6C
G M-m o H:<B/2556_CR/255+% N GsS
M R/255-G/255 2 .
6C 3
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Outline

>

» Measurement of Photometry

>

Should seeing be believing?
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Visual Signals Enable Interaction ...

Hardware and low level contTol by SRC

High level control.& progr ammlng by RTR
N N .
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Visual Signals Enable Automation ...

AN Y.
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Applications (1)

» [lluminations
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Applications (2)

» Communications

I el e e B R W

=T
5= B
)g a . i ) h ! ,': ¢ a

V _ . ; In Hospitals, On Planes

Digital Si - - 1 wher f standard
g S0 ¥ Anticipated Uses of \  wieless s limited)

\\ VLC Technology

Underwater
{Places where the use of
OOI‘ISllmer Devices standard wireless is limited)
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Applications (3)

» Vision for Measurement, Inspection, Surveillance, Guidance, Recording,
Learning, and Interaction, etc.

Camera or Electronic Eye

— \A -
® @ . LightRays ‘ |

‘\ ......... =h.dl ] .
Data .
‘/ L dhdbd -
- O
______..--""'

Physical World Conceptual World

18w

C
\®@
\<BIEE1IFV
—~ aperture
|
|
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Example of Using Visual Signal to Do
Measurement

analysis
computer

hyperspectral
imager

conveyor belt
with commodity

direction of motion =——————p
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Example of Using Visual Signal to Do
Measurement

: Laser |
CCD Camera I

|4
= 3D Height Information

N

| | an\J_L
ol
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More Examples of Using Visual
Sighals to Guide Automation ...

' PASS FAIL
TLLALAA

”i@ “ \ FAIL
- " ﬂﬂﬂfff

9.0,!5,’ detected: 0

- "
e
PA:  FAIL ”

Lane counter:
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Measurement of Photometry by Human Eyes:

120 million rods

6 million cones [photoreceptors]

Retina __cone -\ _roc

ganglion cell~

A
5 L RE B!
&2 3 b

‘«‘/
1o

bipolar cell

As)

A2 1

ofe

¥
A {®]

The Eyes’

Pigment epithelium

AL €
WAL €

AAAAA
= = - 2\ = = = = = = = = ==
== =3 3 = - AgE =A% R =

- he =k SRR =

|

D o

LA €

- A
d

(@)
@)
L &
(@)

(U
(I
W

-

<
3
b

o
o
Q.

Cone

232
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Discussion: Top-Down Design versus Bottom-Up Evolution

g

~ inimit
focus to different distances, for admitting
~~_different amounts of light, and for the
: correction of spherical and chromatic
aberration, could have been formed by

- natural selection, seems, I freely confess,
‘absurd in the highest degree."

- Charles Darwin
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How to measure photometry?

» Use of Photoelectric Device to Sense:

» Intensities (::@
Ve C
» Colors ) “a
. N
25,} PD — B
Rg Vout =
LDR (opfional)
Light Dependent Resistor
St Fixel Black {}u.
e
Pl "
.Incident light
Micro lens
Fow Seleat Color filter
| Wafer
n Wiring
Fow Sel=ct

Colum n Selaat Colum n Seleot
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A Person to Remember: Albert Einstein

» He has discovered the photoelectric effect which is
the emission of electrons from a material caused by
electromagnetic radiation such as ultraviolet light.
Electrons emitted in this manner are called
photoelectrons.

Photoelectric Effect

The photoelectric effect is the emission of electrons from a
material when it absorbs light of sufficient frequency.

Emitted electrons (photoelectrons)

LY Nobel Prize in Physics 1921

Incident light (&

Metal

@ sciencenotes.org
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Principle of Measurement Awomof a

» The principle consists of converting lights
into optical images, which are then
converted into analogue images. The
analogue images could be formatted into
time functions of voltages which could be
automatically measured by
microcontrollers or other advanced
electronic hardware.

Data processing chip.
More and more, the
processing is being
done on a host

Analog-to-digital
converter. Reads analog
signal and determines
digital representation

g
(0101010101).

computer in software

Circuitry sets timing
rather than hardware.

and other parameters
for digitization.

IMAGE
RAW RAW
S SENSOR anaLoc  piGITAL
~ “IMAGE IMAGE
Enel / % h‘\. )
p 4 E_N[T IMAGE PROCESSED
/// = m\‘\\‘* A/D —» PROCESSING —® DIGITAL
S N '\ UNIT IMAGE
5 1%
) )
Object - |Senso T RAW
; ‘:’ TE N voLTAGE
Reflected energy Optical system DPTICS SIGN AL TIMING
GENERATION
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How to implement the principle of doing
direct measurement of photometry?

» In general, the implementation incudes the following two extra
modules:

» Conversion of incoming lights into optical images
Incoming

Lights Incoming Lights/ » Conversion of optical images into analogue voltage images
Optical Image
Conversion

» Conversion of analogue voltage images into time functions
of voltage

Optical image
Optical Image/ VOltage Dlgltal

Anal | :
o Synthesizer Counter

Voltage

Analogue image

Analogue Image/ [T Analogue Digital
Time Function

Conversion Com parator DlSplay

Stop signal

All microcontrollers are programmable digital sensors of voltage!
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The Pipeline of Signal Flows

_

» 1. From Light Rays to Optical Image: MIMO
» 2. From Optical Image to Analogue Image:  MIMO
P g g g — MIMO
» 3. From Analogue Image to Voltage Signals: MISO
» 4. From Voltage Signals to Digital Image: SIMO
» 5. From Digital Image to Display
» 6. From Digital Image to Image Processing ...
IMAGE
S SENSOR Ui\ oG DIGITAL
//Q Ul]l/\ ° TNEIMAGE IMAGE
o /// § i IMAGE PROCESSED
< 7" =¥ (N[5> A/D PROCESSING [~ DIGITAL
<& % H,‘\ \ UNIT IMAGE
=) . © =L h
43 el e
Reflected energy Optical system SI G N A
OPTICS - GENERATION
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How to convert lights into optical images?

Screen

Image Sensor Array
Byte image[256][256];

L ] L J

l sensor |
Digital Camera
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How to convert the light intensity at a single
point of optical image into analogue voltage?

Photonsl l l

o

o)

o o
o

o) ©Vo

Mo N-Channel
\ O .__0 09 %0
Photogenerated \O Potential Well
. Electrons 0,0 0¢ 0° "' Potential Barrier
Photodiode
MQOS Capacitor P-type Silicon

®-V
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Example of Charge Coupled Device
(CCD) (including photodiodes)

Shift Register

Shift Register

To shift charges ‘ ‘ ‘ | ‘
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Example of Three-Transistor Device

» Complementary Metal Oxide Semiconductor (CMOS) Photodiode

amplifier

reset
-

— selector
photodiode *

= T

COLUMN

ROW

 Row line for selection control
« Column line for reading output
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How to convert the light intensity at each
point of an optical image into a voltage?

I I I 1
T T T T
To use a matrix of = Bl B B Fr
« CCD Photodiodes % — T - 1
« CMOS Photodiodes 3 — — — mkan
T T T 1
- T T T
D Photodiodes (pixels) Vertical shift registers — T T 1
S | K Kpd T Epd
E ] ]
: - G R B E
E - - Column Select
= a0l m One Pixel
[ | | ;
AD t amplifier
SRS . . f’ESE;_I
[ ] | selector
— - - iphotodiode
Horizontal
:‘:::m (] ] ] ] [] ] ] L shift register =2 _l_
ROW
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Example of CCD Photodiode Array

Single Cell
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How to convert the light chrominance at each
point of an optical image into a set of voltages?

Photodiode

When photodiodes receive
light, a photoelectric conversion

1
\
i produces electrical charges
\
1
. N \
These light-collecting \

(electrons). These electrons
are then sent in vertical and
) ) horizontal directions, and the
microlenses focus the light \  amount sent is determined by
from the lens onto individual O O | the intensity of the light
photodiode cells. \ received by each pixel. Next,
\‘ in the CCD’s output layer, the
! accumulated electrons are
! converted to a voltage, which
| ‘ i \ creates each pixel's image
: - W |‘output.
Color filter

1
Flow of electrical charge (electrons) varies

Divides light into RGB(red,green according to light intensity. Light is

and blue) or CMY(cyan, magenta converted into an electrical charge.

and yellow) color components. .

B R R

L
-

One Pixel

3
-~ 1
Rasgunn
L=
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How to convert analogue Basic CCD Theory
voltage images into time
functions of voltage?

» Row shift followed by column shift.

vertical shift registers - Raindrops = Photons - Conveyor Belts = CCD Shift Register
transfer control - Buckets = Pixel - Metering Glass = Sense Capacitor
- T photodiodes

X7 'd I'd
r'd I'd I'd 58 | [ | (18] [ 38| 8| — %
'g I'g 'Y % | — [ = %% — | % | — | % | — [
' ' ' £ R O

'l s s o Bl P o

g B T [ R R [ #

horizontal shift register
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Video of Illustration ...
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FEEEEE . OnCrErEncr
L Vertical e = i | rry ]
# b3 <] ] % ]
EOEEE R o DO
il ] . Register i M B [ | il B
FEEEEE ® OODODODT
o | o L || || 388 e [ | oy (98 o 8 ey | 8 e |
FEEEEE B ms
- IS5 - - LEd Vertically e = = = = =
e mml e el shift Down 55| oy | 8 oy (388 | oy | ) oy | oy |38
= i = = . One Line — -

S —— I I
o e e Em Ew £ Y O O
s (s s s s s 0 o
. - | | | |
EEEEEE  BEEEEERE
£ RN = RN N = N - N 388 —— (38— || || — %8| — ]
| l:l:.:l:l:l:
8 |y 38— [ 3] E # =%  Horizontally i ._E ._E ._E lﬁ ._E
.'—.';.‘—.L.;.L Shift Out || (||| ] MISO

P T T < O T T T T ——
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Standard Formats of Time Functions of Voltage

frOm V]deO e One Dimensional Time Signals
. NTSC, PAL, SECAM Which Consists of a Series of Line Signals
° MP4’ AVl, WMV, . horizontal sync pulses horizontal sync pulses

vertical sync pulses
-{«0.mav

L A AT
i

|_|g ht Rays RS-170 standard
Two Dimensional

Spatial Data
(Matrix of Image)

On-chip microlens

\ Color filter /

Color
Filter
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O u tCO m e a fte r 1o horizontal sync IIHBHMIMI - Im“ml::rimntal sync pulses
Digitization —>

+0.714V

l

+0.054v
ov

line 3

| sven fleld . | odd field N
interlaced video signal
RS-170 standard
Haw video signal B
S Bright|
Yideo signal ~
{analog signal) "'-.._..-'1 Binary level
Dark | |
i N SIMO
Slgnal for
harizontal

synchrnnizatinn' N E;Sﬁg‘[ T Divided v
into
Digital signal Rixels

ook M. 1 oS

a00 pixels (Horizontal)

Byte image[480][500];

IZI pixels Merical)
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How to represent digital images?

» Output from digitization of visual signals is a series of three images: red
component image, green component image and blue component image.

» Hence, an image is a two-dimensional matrix of vectors.

o )<°'°’2> Ly MA4829
0, 1 0
Th ] 0
(0,0,0)\E olo] 0 0 :6:1‘{————-—“’ Processing
= 0 == :
Thjoj2]f (- : -
gipfofo)t (R— ——
~0[1]101 'oHO 2
Dnnp AP
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Example of Product ...

Pl o) 0:00/3:41
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Outline

>

» Practices with MATLAB

Should seeing be believing?
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MATLAB Installation Note:

* Need of camera Interface.

* |nstalling We_t_)ig_m and Ip_c’a’rp_ hardware support package for MATLAB.

* Accessing Laptop’s inbuilt webcam and external USB webcam with MATLAB code to

take snapshot, preview and to record a video clip.

* Installing 3" party Android application to convert Mobile Phone as Ipcam.

—

https://www.youtube.com/watch?v=s1LPCyUlu3qg
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Practice 1: Webcam + MATLAB

clear all; clc;
cam = webcam(1l);
preview (cam) ;
for i=1:10
img = snapshot (cam) ;
fname = ['webimage' num2str (i) ‘.Jjpg’]l;

imwrite (img, fname);

%% do processing here

result = rgb2gray(img) ;

%% do display here
imshow (result);
axis image; axis off;
spause (1) ;

end

pause (2) ;

vV vV V. V. V. V. V. V. V. V V. V. V. vV vV VvV VvY%

clear cam;
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vV vV vV vV v vV v vV v v v v

vV v v v v v Vv

Practice 2: IPcam + MATLAB

clear all; clc % First to Launch IP Webcam and to click on "Start Server"

cam = ipcam('http://192.168.1.20:8080/video");

preview (cam) ;
img = snapshot (cam) ;
for i=1:10
img = snapshot (cam);
fname = ['webimage' num2str (

imwrite (img, fname);

%% do processing here
bw = rgb2gray(img) ;

result = edge(bw, 'canny');

%% do display here
imshow (result) ;
axis image; axis off;
%pause (1) ;

end

pause (10) ;

clear cam;

i)

‘.Jpg’ 1

Your Smart Phone will show
the IP address to you.

 Launch IP Webcam
* Click on “Start Server”

Choose an Apps to be installed into your Android Smartphone
Apps

Owwll®l

IP Webcam IP Cam Viewe IP Cam Viewe! BL |P -Camera ONVIF sP Came P Camera Mo: IP Camera
Pavel Khiebovich Robert Chou Robert Chou yee SciTech, In: Deskshare, Inc iA5% / ShenYao

o E R LR R) AR EE Rt R E Ay TR xT R

0t WE
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Practice 3: Files + MATLAB

clear all;

clc;

for i=1:10
fname = ['webimage' num2str (i) ‘.Jjpg’];
img = imread(fname);
message = ['Read ' fname];

disp (message) ;

%% do processing here
bw = rgb2gray(img) ;

result = edge(bw, 'canny');

%% do display here
imshow (result) ;

axis image; axis off;

vV vV vV vV vV vV VvV vV v vV vV vV v v <VvY

end
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One Idea for Your Project ...
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Summary
» Understanding of Visual Signals

» Computation of Visual Sighals

» Measurement of Photometry

» Practices with MATLAB

Should seeing be believing?
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Outline of Module 5

>

>
>
» Lecture 5;

» Measurement of Geometry
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NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 5 Lecture 5
MA4822

Measurement of Geometry

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

» Understanding of Geometry
» Computation of Geometry

» Measurement of Geometry
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Outline

» Understanding of Geometry
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Understanding 2D Geometry (1)

» 2D geometry refers to the appearance of physical entities in a two-
dimensional space.

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

4 N

~
7
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Understanding 2D Geometry (2)

@ Al KX

» The appearance of physical
entities in a 2D space is

manifested in the form of Circle Triangle Square Star
shapes. ( .
Crescent Rectangle Pentagon Hexagon
Octagon Rhombus Cross Trapezoid
Y
Arrow Heart Parallelogram
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Understanding 2D Geometry (3)

» Complex shapes in a 2D space are the results of compositional
rules such as:

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

» ConnectPointsAtAngle(point, point, angle)

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

» ConnectCurvesAtOffset(curve, curve, offset)
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Example

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

/ cg\
L> 9 %
B ’

L,
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Example

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

L, " o«

L,
a®» AV
.
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Example

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

g : \
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Understanding 2D Geometry (4)

» The sum of inter angles of a 2D polygon is equal to (N-2) x 180 degrees.

O <> >
N=5 N=4 N=3  N=2

G=540° G=360° G=180° G=0°
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Understanding 2D Geometry (5)

» The appearance of physical entities in a 2D space also includes
the travelled locations.
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Understanding 2D Geometry (6)

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

7
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Example of Path

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

» The spatial locations with time constraint are called trajectories.
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Example of Trajectories

5
4.5t

—— leader
........ follower 1
- = = follower 2

0 1 2 3 o 5
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Example of Trajectories of Angular Positions

Reference positions

. - Joint 1
=== Joint 2
=== Joint 3
—Joint 4
\ ------ Joint 5
\' """" Joint 6
£o)
o
€
-9 P o ¥
= S o
i~
O Noos’
©
'1 Y ! \\
A\ { S
S ; i .
.\\-’i' a\ ,"
»
25
0 1 2 3 4 5 6 7 8 9 10
Time(sec)
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Example of Motion Planning and Control

10| x(2) (1)

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

L] X(@) (1)

40
oL 30
20
15 10

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

o.1 0.2 0.3 0.4 0.5

Time (sec) Time (sec)

cm

B = o oo

cmis
mls?
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What is the scenario of coordinate
transformations in general?
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Basics of Homogeneous Transformation

— Rcamera Tcamera}

Hcamera — O O O 1

-1 -1
H —_ Rcamera _Rcamera X Tcamera
world —
0O 0 O 1
Camera Frame

Image plane Hcamera X HWOT‘ld — I4-><4

H camera — H world
FZ ............
{ ErY ........... Q /
"X
World Frame
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Transformation of Coordinates in 3D Space

» The coordinates in the reference frame can be transformed into the
coordinates in the camera frame.
(711 T12 T13 Uy
T T T t
CHT — |21 22 23 y

Camera Frame 31 132 733 tz
| L 0 0 0 1.

Image plane

r7 'y * Q / C Y ¢ H r Y
== r [
X “Z "Z

Reference Frame
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Practices with Rotational Transformation

Z
Y | Y € -
After Rotation 1
N About X Axis 2-  ax = 90%pi/180;
X X 3= rx = [1 0 0 ;

Z 4 0 cos(ax) -sin(ax):
. 5 0 sin(ax) cos(ax)]:
Before Rotation Y ‘
After Rotation [ X 7= ay = 90*pi/180; _
About Y Axis n 8 — ry = [cos(ay) 0 sin(ay) ;
9 0 1 0 :
Z 10 -sin(ay) 0 cos (ay)]:
X 11
After Rotation 12— az = 90*pi/180;
About Z Axis iL.3)= rz = [cos(az) -sin(az) O0;
Camera Frame Z 14 sin(az) cos (az) O;
15 0 0 117
16
Image plane Y L7 = r = rx*ry*rz
18
19

Command Window

New to MATLAB? See resources for Getting Started.

0.0000 -0.0000 1.0000
0.0000 -1.0000 -0.0000
1.0000 0.0000 0.0000

Reference Frame
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Outline

>

» Computation of Geometry
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What are the geometrical i
parameters to compute? @
|

local

» Pose:

» It refers to positions and Y na
orientations of entities AST" X el
with respect to a Global O
local

Coordinate System.

Y
Alocal
Y
> Shape: Alocal
» It refers to outlines of X local
entities with respect to X
local

Local Coordinate Systems 9 5
y

assigned to these shapes, local
respectively.

> X

global
global
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Representation of Positions in 2D Space
without Time Constraints

Q G
Yl bal
A q,
e .
. fx,y) =0
e
. Fiocal Function
&Igocal ® ® ®
L
. Xlocal
¢ Xlocal local
® local g
_ L]
r=(x,y)
Position Vector X

global - <~ global
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Representation of Positions in 2D Space
with Time Constraints

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

_}(t) X(t) axtz + bxt + Cx Yg]obal
/4 = = y
y(1) ayt2 +bit+c,

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

t=0.75

=025

Cdd
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Example

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

» Answer:
A Yoiobal

a x1.0+b =2.0 » a,=1.0
a x3.0+b_=4.0 b.=1.0

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

. x(?) t+1.0
0-()as-os,
y(t) 2.5t-0.5 Ogioea

Local
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Representation of Orientations in 2D Space

~ [cos(8) N
: [, =
. —sin( &) b sin(6)
] p—
cos(60) o ©
Robot’s Base
O =X

n cos(d) —sin(6)
| sin(@)  cos(0)

This is the orientation at time t, as the
result of the change of orientation from time t0 to time t.
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Example

» What are the orientations of the mobile base at times t1 and t2?

» Answer:

g(tl) — ‘91

Robot’s Base

Yb

"

0(t,) =0, |

Xb

Robot’s Base
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Representation of ;o
Line-type Shape in

2D Space /

y=ax+b

> Local

\ d_|ax0+byo+c|

Va? + b2

ax +by+c=0

(X0, Y0)
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Example

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

» Answer:
10
a
y—3:8—3 : 05
x—2 10-2 ; <
4
5 § @3
y=—(x-2)+3 1
8 1 234 56 7 8 5% 10
5 7
=—X+— a,b)=(=,—
y=gxty = (a,b)= ( )
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Exercises

Find the equations of these straight lines.

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

2

(r=x) +(y=y.) =r

Y,

Local
N\

Local > Local
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Example
» What are the parameters of the circle shown in the figure?
A
» Answer: ,/ \A\
/ [ 1]
L
(x.) (-2 \ 1
X 1/
4
Y. |=| 2 S AB 2 LA 123 45,
=L
) L3 2
=3
-4
5
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Example

A mechanical gear is under visual inspection. If the tips of the
gear’s three teeth are at the positions (x1, y1), (x2, y2) and (x3,
y3), what are the parameters of the circle which envelopes the
tips of all the teeth of the gear?

Answer:

2

('xl _xc)2 +(y1 _yc)2 =r

2

(x2 _'xc)z +(y2 _.yc)2 =r

2

(x,—=x) +(ys—y.) =r

(to continue)
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—

xX; = 2xx, +x; + 3 =2y, +y =t (1)
1) =2x,x, + X, +y; =2y,y, +y. =r" (2)

Xy =2X,X, + X, +y; =2y y, +y.=r" (3)

—

OLocal

20, = %,)X, 4200, = V) V. =X =X, + ¥ — V3

200 = X)X, 4200, = Y)Y =X = x5+ s
|:2(x1_x2) z(yl_yz):|.|:xci|: x12_x22+y12_y§
206, =x3) 2 —=y3) | |V xlz_x??"'yf_ysz

-1
|:xc:| :{2@1 —-x,) 2(y, _yz)} .[xf _x22 +J’12 _yzz}
Ve 20, —x3)  2(y,—y3) xlz _x32 +y12 _y_%z
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Representation of Curve-type Shape
in 2D Space o

yn
n—1
n n—1 y
0 0 [x X I]ann =0
$ . 1
Yiocal QH ) ) n=1,2,...

Any curve could be approximated
by a set of line segments and arcs

¥

Next Slide
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Example of Using feo
Splines ...

First-order
spline

2 -
° l
2 4 6 8 10 «x
(a)
Jx)
e Second-order
spline
2 -
o l
x
(b)
1) y=ax3+bx?*+cx+d
= Cubic
spline Interpolating
2 cubic
0 e
R Y
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Outline

>

» Measurement of Geometry
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Applications of Geometry

» Inspection

» Grasping

» Manipulation

» Guidance

» Cognition / Recognition

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Vision-Guided Navigation
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Vision-Guided

Far Point
° ° ’r'
l‘ ,
Navigation RN
& ' ‘e
S a %o
l? Near Point

(a) (b)
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Vision-Guided Manipulation/Grasping
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Principle of Monocular Vision

» The geometry of physical
entities in a 2D space depends
on the coordinates of points.

» The measurement of
coordinates of points in a 2D
space can be achieved with a
single camera or monocular
vision system.

» A monocular vision system
relates the coordinates of
points in 2D space to the
coordinates in image space in
a unique way.

4
Y
Computer
Image World
Coordinate w Coordinate
System h-v System X-Y-Z

Image
Coordinate
System x'-y'

Camera
Coordinate
System x-y-z
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Motion Flow in

Monocular
L : Step 2: Image Step 3: Image
V]Slon eee Step 1: Image > P 9 —| Processing & Pattern
Sensing by Camera Digitization Recognition

Image
Geomet

Step 4: Measurement of

What is a motion flow?
It refers to a flow of
coordinate systems

A 4

Object Geometry in 2D

or 3D space

Object
Geometry

v

[Step 5: Motion Planning ]

Motion
Series

Motion Mechanism

Control Step 6: Control of
Command <

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



Nanyang Technological University

Matrix Equation of Monocular Vision

Solution

a b c u
d e f|ev
g h 1 1

ko' X
q T
0 X k

Camera Frame

\/

v v y

Image Processing

Image plane

VZ
VY .

Reference Frame
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Step 1 of Proof:

» We consider the case of the
measurement of points on a

2D plane: 2
®
J Y
O Computer
Image World
Coordinate Coordinate
System X-Y-Z

Coordinate
System x'-y'

X
Camera
Coordinate
System x-y-z
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Step 2 of Proof:

» We use a single camera as the sensing device:

Near Far Image
Plane

2D space
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Step 3 of Proof:

» The coordinates in the reference frame can be transformed into the
coordinates in the camera frame:

(111 Tz T3 Uy
T T T t
°H, 21 T2 T3 Uy

- 31 T32 T33 U
| 0 0 0 1.

Camera Frame

Image plane
- C -
X v X
VI ey oY
‘Z "Z

Reference Frame
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Step 4 of Proof:

» The coordinates in camera frame can be projected into the coordinates in
image plane:

C C

X Y

x=fe— —and y=fe—

/ /

Camera Frame
Image plane Sex f 0O 0 O CX
sey|=0 f 0 O]fe c;
S O 0 1 O |

Reference Frame
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Further Detail of Proof ...

0,0, PO, z. x.
00, P,0 f «xy
Ze Xc c
= X = f—
T D Xgq 2

_ X%

Yd

Image plane

O,
Xc
Y

\

/Ef‘*@/ ’

Object plane

P, é{ n Pi(X4, Ya)
Y

Oy

=Py (Xxa,Ya,f)
>
\ X/

yc/ IEP(xC'YC' C)
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Step 5 of Proof:

» The image sensor creates
an analogue image from the
optical image in the image
plane:

cco photon to electron CMOS

conversion S

NP=an I R
L charge

) | - to voltage (R [
) conversion

TN L
Bk <
. Ph=rh=r

A, g g ol
] ol ol e
A, g g o e

A
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Step 6 of Proof: .

Wideo signal E'”ghtT

(analog signaly nu Binary level
» The analogue image produced at Dark | {: g g U\Lr

the image plane is digitized into

) 2 i f
the corresponding digital image: slgnal for ; N

synchronization = | E:Sﬁ'g"{ Divided E
U u Digital signal e Is i E
| o E 7
(%,y) | i _$ E
* ' i - a

q ; :
v ------- ' O > x Cll:”:k _ |;|_12.................a,gg”g%
0 - hulse 500 pixels (Horizantal)

Camera Frame

v v
v y Image plane
Digital image
A
CAD >
A Q
Analogue
image

Reference Frame
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Step 7 of Proof:

» The coordinates (x, y) in image plane can be converted into the index
coordinates (u, v) inside image matrix:

X
U b U U=l and V=V, J
[}
o Au Av ‘L
q | 1
Vo[ =777~ 2 > X ARV
vi=l 0 ALv v, |®| Y
Camera Frame 1 0 0 1 1
v v
\ y Image plane

Digital image

2 TZ o '.......,....
'y . Q
Analogue "X

image

Reference Frame
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Further Detail of Proof ...

X

U=u,+ U= Uy +— P=(X.Y,2) Digital Image
Au Coordinate System
Phe ’fu
v=vo+17=v(,+l (x.y)
Av

Analogue Image
- -7, Coordinate System

1 0 u :
Ul | Au X :
vi=| 0 ALV v, [® Y | E
[ Ye

Both sides can be multiplied by s
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Step 8 of Proof:

» The coordinates (X, Y, Z) in reference frame can be related to the coordinates

(x, y) in image plane:

- Cyr - Ty ¢
X
X X SeXx f 0 0 O
CY c T'Y CY
= “"H. e K ) 0 f 0O Ole
C r Tr y CZ
Z Z 5 0 0 1 0
L1 - L1 1
711 T2 T3 U] b J
cy = |1 T2z T3 Ly @
"oy 132 133ty
0 0 0 1 [
Seyx f o o\ |11 Tiz Tz Gy X
sey]=[0 f o[t T2 Tus tyl| Y
s 0 0 o/ |31 Ts2 T3 t A
0 0 0 )
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Step 9 of Proof:

» The coordinates (X, Y, Z) in reference frame can further be related to the
coordinates (u, v) in image matrix:

(711 T12 Tiz ]

Sex f 0 0 O
(s-}/):(o f o O) 21 T2z Ta3 iy Y

31 T3z T3 U;|| "7
S 0O 0 1 O
o 0o o 1l\4
1
seu Ay Q0 o Sex
@ — (S'U)= 1 o<50y>
s Ay Vo s

L Ug 0\ 11 T2 Tz Uy /TX\

o

0 Z
/_0 0 0 1|
1 0
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Step 10 of Proof:

» Then, we obtain the equation of camera’s forward projection:

2 0 U 0\ T Tz Tz ][ X \
Seu Au To1 Too Toa t Ty
sep | = f 21 T2 T3 Uy
S 0 — vy 0|31 T2 733 || "z
\o 0 0 0 1)
0 0 1 0

Camera’s Forward Projection Matrix

Equation of Camera’s Forward Projection
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Step 11 of Proof:

» |If we let Z coordinate to be zero, then we obtain the equation of monocular
vision’s forward projection:

Uq , U
'y () E
Seolu r q 'O
Sev|=Coqel| ¥ Vo[ ===~ "X
3X4
S 0
1 v

Equation of Monocular Vision’s Forward Projection
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Step 12 of Proof:

» By inverting matrix D, then we obtain the equation of monocular vision’s
inverse projection:

SelU TX g,*y) :
|
Sev | = Dyxze| Ty Vob------ 0 > X

S 1

S 0o
= Sh QO

ke "X u
r = ° a
k o 'Y M3X3 (U) with M3><3 — <d
9

\ }

Equation of Monocular Vision’s Inverse Projection
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Summary of Proved Result:

» Finally, we have proven the following equation: Monocular Vision Matrix

, U
ko' X a b c u
qL* > k.rY = d e f L 2InY
k g h 1 1
Camera Frame
v
v Image
plane

Image Processing Digital image

rZ ta, 'h.##'#h....#. "
r Y 00.0~u..0 Q
Analogue
image :

Reference Frame
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;i—> Sensing
» Zi must be equal to Xi Y.
4 L L
Calibrated Values Z;
Measured Values Y; Calibration > L
N
I”’*’”
Eatl > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Discussion: How to calibrate monocular vision?

» How to determine the coefficients inside the monocular vision matrix?

Use of Four or More Pairs of {(u,v), (X,Y)}

, U

ke' X a b ¢ u
q > k'Y |=|d e fle|v
0 ’x k g h 1 1

X Camera Frame

v v y \
Image plane
Image Processing Digital image

r Z * "~,,.~....... v
r Y -....,..*Q
Analogue image ry

Reference Frame
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Discussion: How to calibrate a camera?

f f

» How to obtain the intrinsic parameters (E’E

, Uy, V) Of a camera?

2 0 U 0\ T Tz Tz ][ X \
Seu Au To1 Too Toa t Ty
sep | = f 21 T2 T3 Uy
S 0 — vy 0|31 T2 733 || "z
\o ¥ 0 0 0 1)
0 0 1 0

Camera’s Forward Projection Matrix

Equation of Camera’s Forward Projection
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Summary

» Understanding of Geometry
» Computation of Geometry

» Measurement of Geometry
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Summary of Module 5

» Lecture 1:

» Measurement of Fluid Level
» Lecture 2:

» Measurement of Flow Rate
» Lecture 3:

» Measurement of Sound/Voice
» Lecture 4:

» Measurement of Photometry
» Lecture 5:

» Measurement of Geometry
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“Ask not what your country can do for you — ask what you can do for
your country,” - John F. Kennedy

“Do not think that you are needy — think that you are needed in the
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more
needed”, - Xie Ming

Thank You for Listening!
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