Chapter 3
Sensing the World

3.1 Introduction
3.2 Sensors
3.4 Occupancy grid method

Introduction to Robotics essaind gauas wnit 3w 1

Introduction

firhunlumsnamumandeud mMdssliuuuiassvesdunadouiutoya
y M 4  ddyyw o v ' ¢ a
W nimiuurumaadeun ldvzgmi U1 T sunsuueudasa

Introduction to Robotics essaind gauas wnit 3 wih 2




1 o a a a4’ A [ o ] J a
meﬂmmzwmmﬂmﬂumﬁﬂmwm'lmgclmmmmm nuﬂuﬁmw’fam

v
a A !

d‘ a vy
ﬂ?]uﬁ']ﬂ'ﬁﬂﬂiﬂgﬂal]ﬁaﬂﬁQﬂﬂ"U'N\nﬁa']uvlﬂﬂ'Jﬂ

Introduction to Robotics essaind gauas wnit 3 wh 3

v 9 [
ga'lilndniu winyuouadesiauluanuid himeiilas lduneuas

Mars Exploration Rovers (Spirit and

| % Opportunity) Agnaalianadamnsiiie 10
‘$ : .2, 46 LATAMUANIITNANIAIA931

sl 47

Introduction to Robotics esinind qanas it 3 nih 4




Animation of the rovers from NASA
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Sensory Input

Real World

Process

Interaction

Introduction to Robotics essaind qauaa wnit 3 wih 6




¥ 1 1l 11 1 v 4
1515laagalsinilngnsansaginein

) 4 d’l a =
Wamgdmnidsdium
* gaAnaug
* a03WNQ

® Q93AA1Y) 9

azInuowg Iraansdinuuen

=t

Y 1
Uszamsuinainiaunlszanuiy Ideyaldlumsidszuradoagii

1]
~

A A
HUBDDDUINNAA

a

Introduction to Robotics essaind qauaa wnit 3wh 7

aauliriuauasanlngne vinasslsh

] J I

v N :
i GlﬁVEUEJuquhlﬂﬂNLLUUGIN@] N

]
= d

YUNUANAI INAN NN
UANANNY 489

o Ifvuoudmiudenlilylnds

al 1 o2 [ s 1 a 1
LN@l?ﬁUﬂuﬂﬂﬂﬂzg'ﬂﬂlﬂEI']\?LMN’EI‘HL':?’]@&

Introduction to Robotics essaind qauaa wnit 3 wih 8




ngrgantngeanalildinasnulngisasnanen we
I~ vl
ludlszaunisalnasAnug N azauNT

] i o ST % 1 { Y
o sunnlngrumszavesdaldswiwiiulng wuglammasuilildne

gy 2?77

e

=3
o]

pud}

9 1 A Jd 2 Y = @ Y o Y
i Llllal"]f!,ﬁﬂﬂl“ﬁul%@iﬂﬂ?%ﬂﬂ?!mﬂ uaneINUsEUUYseuananie Mssus

]

Funadou lulysesiems

Introduction to Robotics essaind qauaa wnit 3wh 9

LRIES Lmmdquﬂszn@ummsxuuﬁuﬂuﬁ

Control
signals

Compu ] Robot
ter ]
Internal
state
Sensory Control components
feedbac Actuators
Mode_l k Transmission
Intelligence Mechanical system
algorithm Sensors
Tasks (work cycle)

Motion algorithm

Control algorithm Interaction

Program [ (force/motion)
Sensors

L

Workspace

Programming
(teaching)
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L HULEas (Sensor)

 Internal sensors
— Status
— Location

» External sensors
— Environment
— Quality control
— Safety
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Internal sensors
Ifayafaafusvueios

+ Status sensors vananuzassginsallumaviuituaIumL

294 joint A9 force/torque AINITY AYTNLIY ADTULIBNTTLIL
AYLIAN

* Location sensors 1ansA1a8eueue lWLT i
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Status sensors

« Joint position sensor (encoder) vanysaes joint 31wyull
AB9ALAY

—

™)

e
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Optical encoder

Revolute joint
Shoulder - top view
gt < Encoder plate

{
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Optical encoder

Shoulder - bottom view : Ider - encoder assembly

Chain/sprocket drive

encoder IR sensors

optical encoding disk
R ol

optical shaft encoder system

infrared

@ & « Absolute encoder

IR sensor

(phototransistor) white surface

Infrared sensor in action
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Optical encoder

* Incremental encoder

R

JUL
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Optical encoder

Y v
#19619 encoder NaUUNN LD

HazuUUNAALIAY motor
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Positional transducer

I¥uenaNueIves prismatic joint (Versuuuidon) e ls aaeaeia

V%8
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Accelerometer

nanmsy dvsuidenena 25 cm Auganiminuar s
N (B9AN) AALI (g)
14 0.25
27 0.5
45 1.0
64 2.0
12 3.0
76 4.0
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Accelerometer

F=kx=ma
k

accel

m 300000000 —

(Rest)

nsodannuevesasannlasul
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Accelerometer

mass

rest position |
under acceleration -

Ca Cg
/_A_-\/_A_—'\
@l/ Cox
/ .
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Accelerometer

MEMS (Micro-ElectroMechanical Systems) sensor

— Torsion Bar

Capacitor Plate

/ Upper, Cap. Plate

-Lower, Cap. Plate
. "
Resolution:1 mg <>
Renge: 170 S
Cost: 4-10$ e

Used in airbag
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Force sensor

nanms useiliingeelaeld szezinfdeuludamuussinggii
Diffused resistor area
M/\/
A
— E%L -
¥

| A

E : Modulus of elagticity = 1.6 10 kp‘rmm for silicon
| : Moment of inertia of beam crossection =

E max . Max strain in the b=am

Loading of the sensor element by adding a force at the
Strain gauge
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Force sensor

Strain gauge WUUFN°) lufiaanann
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Force/torque sensor

_ Transducer Cable
Terminal {Persond Computar)

Transducer

Sensor Contrailer

" Parllel 0 Line
| . Fobot Cable

S

Raobat Controller

* Level counter is required if sensor controller and robot controller
parallel 11O voltage lzvels are different.

Ep— e |
: 4 ’ “ X ;‘fwf‘t’:::.?f//' A
4 . e /\
- . i
e o \@
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@

Force/torque sensor

Cwerload Protection Fin {Tool-side]

T-amis

{Tool-side)
Flanges

Ll '
Sirain Gauge
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Use of status sensors
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Location sensor

venAuajutuTAAeuR W Bnasiew Tomnnsmatuded]
%@L@Wﬁﬂmqmwjuﬂuﬁdﬁ localization problem

Odometry: dead reckoning
* wheel encoder

+ compass

Landmark based

* barcode

* vision

Triangulation

* active beacon

* active robot

* GPS
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Active beacon

ultrazound ultrazound

® @
g

t3

ultrasoynd .

infrared
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Active robot
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Environment sensor

1A 1 a vy 9
U’E]ﬂ')'lllf)ghli@giuﬁﬂll')@ﬁflﬂﬂWﬂ

» Collision detection

» Object detection
— Near object detection

— Far object detection
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Collision detection

* Photo transistor

LED

F-3 [ o -
AN 02

- 1 il | == W Dy
] B ‘ Rotate Left-Righ
1D — - otate Left-Right
~F Dbject f;;",:t'“
N Till Up-Down

phototransistor

Received
Light
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Collision detection

* Plunger switch

switch frame
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Collision detection

* Pressure sensor T

Wyhar sheat

l Conductie Inam
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Collision detection

« Laser and fiber optics !

pe laser-oplic sensor, showing the loose fibers (on

FIGURE 36.22 The
one fibers are neatly looped to create a kind of sen-

FIGURE 36.23 Use short lengths of aluminum tubing, avaliable at
hot np-on bullet connector fo create
aser-optic whisker system
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Sonar

Sound Navigation and Ranging

TYPICAL BEAM PATTERN
AT 5O kHz

Sonar
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21888, Avronams [ne:

Polaroid 6500 Sonar Ranging Module
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Sonar sensing

“The sponge”
sonar timeline
T T T
0 75ps the transducer goes into 58
a“chirp” is emitted typically when “receiving” mode and after a short time, the
into the environment  reverberations awaits a signal... signal will be too weak
from the initial to be detected

chirp have stopped

Polaroid sonar
emitter/receivers

Why is sonar sensing limited to
between ~12 in. and ~25 feet ?
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Sonar effects

Lateral resolution

(a) Sonar providing an
accurate range measurement

Range

(b-c) Lateral resolution is not very
precise; the closest object in the
beam’s cone provides the response

‘45; Mered (d) Specular reflections
cause walls to disappear

(]

(e) Open corners produce a
weak spherical wavefront

(f) Closed corners measure to the

corner itself because of multiple
reflections --> sonar ray tracing
leh (f)
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Sonar modeling

’ initial time response ‘

A+ SWH.Q:;:‘\
WALL
A _— thrashold . "

o o accumulated
b U Time responses |

17 us
blanking time

cone width

Note: dB normalized 10 on.avis
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Real sensors

Real sensors are
* noisy
« return an incomplete description of the environment

« cannot usually be modeled completely
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Sensor characteristics

« Sensitivity: 8n3N17iUARLLU A28 output WaWLAL input
. . = = A o
+ Linearity: n1siaguudasiuuAsneas output tBMmMLILNL input
1 1 Ao v
+ Measurement range: TaaAATn e
. Response time: 7281219879 lHHaanE129n1390
« Accuracy: AMNUNUENTBIANNTA TUALR error
. Y1 tzll A [ o Z// tﬂl A 1%
« Repeatability: N3 HANMMNAUANIAINNTTANAILATINIUNA U
. al | [~3 dl [ 3 %
* Resolution: ANNALLALIA mmnmmmim

« Type of output: Uszinnaas output 7 IFduilunsasulndin
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Sensor modeling

1A INIDA LA NANAUFTLNINBIUIARANTLINFRINITT AR €
AUANN AN IUEILITAS r FRsILLANA84 = f(e) Tasudanns
LULANAD9UFAR991 889421284 internal noise WAL noise AN&71
4

B AEl

|
a

al o 1 v 1 .
L?WL?E]ﬂﬂﬂ.lwﬁfm’]i‘ﬂ’]uqm e ’Q’]ﬂﬂ’m’ﬂ’]uiﬁﬁ@ r 1 inverse

problem
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Sensor modeling

Solutions of inverse problems are typically difficult to solve
without additional assumption or information
We call that the inverse problems are ill-posed

— A solution is undefined

— A solution is not unique

— A solution is not stable
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Sensor modeling

siveeiailayuni ill-posed [un1sANEYRUS IR0 £ (x) 7
QNIUNIUARE ksin(wx):

f(x) = f,(x) + ksin(wx)
ez léian

f(x) =F ,(x) + kwcos(wx)
o A Y o . ~ a ~ ,
wuRaindnyy I noise HANMKNDES (w HAMAN) 131 ldaunsnm
ayius el > unstable
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Data from sensors

« yinldaRlsann sensor dnluiAMNLNUE NIRRT IENAT
1#a1NN1T8IUAIRTN sensor UALIATINTAANN sensor AATEILLLIL
wn9anriu furazlddesgnunmeneninau

- wannsndatAlunsdaelflidasglangnn

+ #A190U" Bayesian inference
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Bayes’ rule

P(AAB)

PIAIB) =—5 5

P(A[B)P(B)
P(A)

P(B|A)=
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Bayesian reasoning

. fauyfg h Adesniediduaidiandu “auldiduazis
wlan”

. fideya d iduneldfadunaainanyfigiu n

. Tmﬂﬁqiﬂmﬁﬂ%ﬁ P(d|h)

« usll3e8ng P(hld) azineengls? (11EanANnazilutdn
posterior probability)
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Bayesian reasoning

APLIIAN
. anyFigiu h uniauldiiunzds
. wan1Inga d Aaesnsiime d, () uay d_ (ldidlw)

. andeyaiiiuiniaginmshasduiiauwitodunsdeie
P(h)=0.008

- anmssnLdA e manIRsaul
- fuflunziseazaaldnauangaaaiuinazdu P(d | h)=0.98

— tldifuazpmalinaausagainusiiazili P(d | h)=0.97
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Bayesian reasoning

FINBEiNg
o ffpuldnnmauazlinaiu d, azagdetinglen

'
a

Iy PRy
o LTUAIRHANH

P(h) = 0.008 P(~h)=0.992
P(d, | h)=0.98 P(d_| h)=0.02
P(d, | ~h)=0.03 P(d | ~h)=0.97

. flasnnsianazagil P(h | d+) viga P(~h | d+)
P(h|d,) = P(d, | h) P(h) / P(d,) = 0.0078 / P(d,)
P(~h|d,) = P(d, | ~h) P(~h) / P(d,) = 0.0298 / P(d)
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Bayesian reasoning

RIALINg

« W9z P(h|d,) +P(~h|d,) =133l P(h]d,) =0.21 uaz
P(~h | d,) = 0.79 agilinldiflunzifai@ataninngd

o uwazAlAandn P(d+) = 0.0078/0.21 = 0.037

Introduction to Robotics essaind qauaa wnit 3 wih 51

Bayesian reasoning

“judging” one’s intuition

Scenario:

Prosecutor:

Defendant:

Suppose a crime has been committed. Blood is found at the
scene for which there is no innocent explanation. It is of a
blood type which is present in 1% of the population and
present in the defendant.

There is a 1% chance that the defendant would have the
crime scene’s blood type if innocent, so there is a 99%
chance that the defendant is guilty.

The crime occurred in a city of 800,000 people (suppose
true). There, the blood type would be found in approximately
8,000 people, so this evidence only provides a negligible
0.0125% (= 1/8000) chance of guilt.
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Using sonar to create maps

What should we conclude if this sonar reads 10 feet?

Q 10 feet

what would a local map look like?
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Using sonar to create maps

What should we conclude if this sonar reads 10 feet?

there ispe there is

something
somewhere
around here

O

Local Map
I unoccupied
I occupied
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Using sonar to create maps

What should we conclude if this sonar reads 10 feet?

there is
something
somewhere
around here

Local Map

I unoccupied
[ ] no information
I occupied
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Using sonar to create maps

What should we conclude if this sonar reads 10 feet...

O

and how do we add the information that the next
onar reading (as the robot moves) reads 10 feet, too?
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Combining probabilities

How to combine two sets of probabilities into a single map ?
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Occupancy grid

Yy s A a P4 aa1 ag = 9
1ddoyannmumesiiodnszinmeananiidsiavnegn lnuis

U

an ' o <
m auyAinauees lasnavuiiu a

o

1&i1inglndqaegiannauses
Tuss f(a) D fa)+ €

9 Fa
Tz iSaglunSnadl el

q

PR J Y '
vy dn P , a3z Idmnnmuwesiesni a
I ldnnasesuladuasaiuszeziiig

o y A s
voeiag lnaganeylunsiesures
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Occupancy grid

Introduction to Robotics essaind qauaa

c="1%mplutaq x”

q

(R—rj_{ﬂ—a}
Pr(C) =~ P )M

M = aaxraziilunngafaziling

e x tiosndn 1 iaue
Pr(C)=1-Pr(C)
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Occupancy grid

Region Il

Introduction to Robotics essaind qauaa

(25
Pr(C) = R p

Pr(C) =1-Pr(C)
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Occupancy grid

a ™ J ' J u’j 1 09/’ .

® N9 IﬂEJTI’J”lﬂL'iT@TMﬂTﬁ]”IﬂL“D'HL“D"E]iWf;ﬂﬂﬂi\i uaazAsIovagu
o ] J 1 saA v .
AL UIUDAUFUIFDT wumummﬁm@gﬂu mobile robot

v v Ay v ' ¢ & A
o W s unuamnldnnmse e i
a { I { 1 $ g
* 959 unuiaziilu Pr(C) udigasinanieae Pr(s|C) Fando
13 ] 3 Ay Y 7Y Aw A ”
anuinazdunldm s, ninmuwesmiiiagegives x

o uadsidesmsylily Pr(s|C) uaiilu Pr(Cls,.s,,...s,)
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Occupancy grid

' 7 e vy A 4 4 o Ao A
DY ULIEDITTADIAT ﬁ;‘ﬂ@zbliblﬂmelumfnn‘umimmmsm X

]
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Occupancy grid

1¥ngueund (Bayes’ law)

Pr(C|s) = Pr(s|C)Pr(C)
Pr(s|C)Pr(C)+Pr(s|C)Pr(C)

gaveneluniding'lladlu

Pr(C|s,s,,....,S,) =
Pr(s,,s,,....S, | C)Pr(C)
Pr(s,,s,,....s, | C)Pr(C) +Pr(s,,s,,...,s, | C) Pr(C)
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Occupancy grid

A A ]
sagounun Pr(s;,s,,...s,1C) a3 Pr(s, |C)Pr(s,,s,,... s, , | C)
[ a {
NNV UBATLUDY S, S,y Sy tazunun Pr(Cls,s,,...S, )
v ' 3 A A
arenganuiaziunuuiitou luna

Pr(s,,s,,...,S,, | C)Pr(C)

Pr(C|s,,s,,....,S,4) = Pr(s..s s )
11~21 1 ¥n-1

519g1d Pr(Cls,s,,....s,) lusimsendauedldne
Pr(Cls,s,,...,S,) =
Pr(s, |C)Pr(C|s,,S,,.-sS, 1)
Pr(s, |C)Pr(C|s,,S,,....S, )+ Pr(s, |C)Pr(C|s,,s,,....5,,)
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Occupancy grid

A10619 fruald R=10 uaz =15 dwam Pr(C|s,,s,,....s,)

Sududlemsimedngasssuiuae Pr(C)=Pr(C)=05

dmfumseumasasn s, 14a1 r,=6 18z o,=5
10-6 15-5
10 " 15
Pr(s,|C) = > x0.98 = 0.52

Pr(s,|C)=1-0.52=0.48
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Occupancy grid

Pr(s,|C)Pr(C)

Pr(Cls,) = Pr(s, | C) Pr(C) +Pr(s, |C) Pr(C)

0.52x0.5

= =0.52
0.52x0.5+0.48x0.5

Pr(C|s,)=0.48
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Occupancy grid

v '
@

9 o ' ' = Rl
dmSumseumniaidos s, lam r,=6 uaz a,=4

(10—6}{15—4)
Pr(s, | C) =<0 ; 15 ) 098=056

Pr(s,|C) =0.44

Pr(s, [C)Pr(C|s,)

Pr(Cls,,s,) = Pr(s, |C)Pr(C|s,)+Pr(s, |C)Pr(C|s,)

0.56x0.52

0.56%x0.52+0.44x0.48
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Occupancy grid

[ESSSSSS— ide el Moy 881228 21153

known map and estimated evidence grid
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Occupancy grid

wsitgnana lFAumisasiueusauy I e s
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