A Call-to-Service Design for Mobile Robots
Using Wireless Sensor Network

3 pa o 1) /"u‘_
R S R S

—_—

LR RS



A Call-to-Service Design for Mobile Robots
Using Wireless Sensor Network

N R S Student: Shang-Chun Hung
pRRRARS BL Advisor: Dr. Kai-Tai Song

AThesis
Submitted to Institute of Electrical Control Engineering
College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of Master
in

Electrical Control Engineering

May, 2012

Hsinchu, Taiwan, Republic of China



L e T S P2 iﬁ%—?’rﬁ’*:ﬁi@% # 4

SRR & R I

| 4

B

AHT AR PR - EATERE R IAPES R f R R F
TP EAR P EA L EEE Zighee & MR PR B e CC2431 x5l & %

f’\:"'/E‘J"éqf—:k—L)ji‘fﬁ" ;Lz‘léqf ﬂ\ﬁ*ﬂfﬁ%lfg %._B,—b "LK"J’JE] ‘f}"i‘lf’ B ’Egti&g

Afpe R F AR o FISE ARIGR K HPE o B Kinect &R E T R i
BT il T RFSEY

=

f
KRR A A A SRR R

EORPEABLA S kg Ak D XY AR AT 2
BT B RRY F G o A EREEL B AR ko FE AR
CC2431 T i3 HR(=FM » ¥ Uit L PEAFAHBFHEA - FTEFETEL M &
d T FEE O REOEMF AR RRER IR L AT R EATE
AR hL PIIRY K D) FRBRE AR TR PP E A p AL
AE A EBARHO0 2R o WEAR L AL TIBL 68 08 o AT AT

KB EA Zowg KA BEAGEQS DR "F’i‘ B ANt NNt A "F’i‘\i Wk
EY
p
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National Chiao Tung University

Abstract

In this thesis, a call-to-service system for mobile robots is developed based on a
wireless sensor network. In this design, a ZigBee-based location-aware system is
responsible for estimating the position-of user.who calls the robot for service. The
autonomous navigation system takes the location information as goal position and
guides the robot moving toward to the user upon calling. While the accuracy of the
ZigBee-based location-aware system is limited, the robot uses Kinect to detect user's
body and face to find the exact position of the user when the robot approaches the user.
A visual tracking controller guides the robot to move toward to the user upon calling,
and track the user in front of him/her by a set distance. For navigation control, we
propose a self-localization system of a mobile robot by fusing the ZigBee-based
location-aware system and odometer to improve the localization accuracy.
Experimental results show that the average localization error is 68 cm in a 60 m travel.
Experimental results also verified the effectiveness of finding the user upon calling at

various distances and locations.
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Xﬁ—l - Xﬁ —2(X,; =X )X+ Yﬁ—l 7 yﬁ =2(Y 1YY= dﬁ—l _dﬁ
do gt qj':‘ﬂb #-(2-4)5 FI - B AX=B &R % 0 40(2-5)~(2-7) %177
2(Xn _Xl) 2(yn . yl)

A= ; : (2-5)
2(Xn _Xn—l) 2(yn 74 yn—l)

dZ —d2 —(x? +y2)+ (X2 +y?)

B= : (2-6)
dﬁ—l _dﬁ - (Xi—l + yﬁ—l) + (Xﬁ + yﬁ)
X - m @2-7)
y
¥ E| T > 1700 fE(Least Square Method)fjf‘ua‘é PE NG R PR 4e(2-8)
SE
X =(ATA)'A'B (2-8)
H ¥

— |X
X={_} R Bp LR 2 iT0fE B
y
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"+ (2-1)~(2-8)35 i CC2431 i3 EFp $Rik {73 5 - CC2431 = =318 € p
B HPT S Bha R B 3 L (Xn, V)& RSSI RS igd j B cha il EF okt
B pEhenp Ll X o Bidp Ea-p Pl X6 Zighee & SR p) 4 it 9 i
P A G R A - XL BZYET o F B 16 e p Bep Ly X
(6 Jfq Mg &ing X6 RS232 3 34 7 % o
2.3 T FE,K E

d (22)7 4w REWEA d o kT RSSI o i f LRI AR KE
BELEFBALN STUARZTRF T ABRHRAS N LS BAL D

PR ASPETR L RE Y B2 FEEg 1 22 2 RSSI> A%~ #p 22 &
Y BLRE L A5 R AR 1 2 % a7 Uit b 25 47 0 R B B kA
AN 2 %Y Bt Bi% o RSSE % de k 2-1 #71 > & % T35 RSSI % -45
dBm -

PPN A G B g2 B e 4o B RSSI RR 2 F o A%
2 4Bd (2-1) %k F Kno 4e(2-9) 1o

n_—A—RSSI (2:9)
10-logd

HACE R BE ST BApEE L 2 2RSSl § TR S B A kR o FRR B
BEYEAPFERT S FFR LN 5 B FARIET 2% 2N kT 0 4o B 2-6 47
TR R ERp AR S e 2 S BT B HRSSI B9 Kk K ns H
Bhd4rd 2-2#7 » X Tian 5 3.179dBm -

Flh CC2431 x5l EF 7 2be g * 2 ix%¥kniE > » £5F4 4 2-3 KjE
17 55 51w (n_index) - 4 i B~ B CC2431 = =518 » #ru T ¥an 4 3.179

dBm: 5 & % #1F2 n_index % 14 B {s 3 A=-452 n_index = 14 5 B 2 3



RN, .~ @-. ~ RN,
/ 1m \
! 45
RN, ? o , RN,
\ /
RNs. S o - "RNS
-0
RN;
B 2-5 7% TSl Az KB HK
22l R RS EHAZT RS
Angle (degree) 0° 45° 90° | 135° | 180° | 225° | 270° | 315°
RSSI (dBm) -40 | 4B | -AT | 46 | 42 | 44 | -46 | -49
Average RSSI (dBm) <45
| 7m |
M 1m |
*—0 e e e e o ¢
BN RN, RN, RN, RN, RN RN RN,
B 2-6 3+ 5 Tz fdion 2 KB K
22 P E SN2 R
Meter (m) 1 2 3 4 5 6 7
RSSI (dBm) -47 -56 -56 -68 -69 -81 -74
n (dBm) 2990 | 1.886 | 3.488 | 3.148 | 4.369 | 3.195
Average n (dBm) 3.179
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# 2-3n £ n_index 2 ¥t & B1[16]

n index n n index n

0 1.000 | 16 3.375
1 1.250 | 17 3.500
2 1.500 | 18 3.625
3 1.750 | 19 3.750
4 1.875 | 20 3.875
5 2.000 | 21 4.000
6 2.125 || 22 4.125
7 2.250 | 23 4.250
8 2.375 || 24 4.375
9 2.500 | 25 4.500
10 2.625 || 26 4625
11 2.750 | 27 5.000
12 2.875 || 28 5.500
13 3.000 || 29 6.000
14 3.125 || 30 7.000
15 3.250 | 31 8.000

24 R R RPIRERGRGE

CC2431 #_i=5| H 5B 1T 53 B RSS| %3+ B 3 Bhewr iz o d 20 %

e

R TR s 3G fodb R € Rt RSSI 5 7 #x R CC2431 m_i=31 #enldit o ke
Fen EGETT SRR ORI 0 B2 RM R T B o fog AR T S T B
FRETER AHY AL RNE AF R 045 2 ] RS 0 A p BRE
g K R A IR KR 5 2 s fc RSSI 2 R 0

—HRE S BEF- BYLOTCAETI CFE B LAY B Aok S B
T EFARBEFIE AR G MBI AP TR0 3 A EORSSIE A BB o
Lb""—l{r’%ﬂﬁ‘l‘!’—.ﬁ RL 4 E‘l‘!’—.m%]'fﬂl"’»g S R e - = - I I SR L I S
MG PR FRTERE SRR AR BAF AR SR
i E S B RIPN U EFSRFRGELI e B ST R B F
LT PR ASE Y L R B FI SRR E T 05 B 0 LT
FRSSIE s » 135 h BT Bk H G E B AP LB o T AT R

AL BT E S R Ao B2-65T 0 BB AP RTEE A R A E ST

o

FEGEI S B Y B (% FIBE) ARSI NREIFT LA

THWPRSSIA G L0 B kRS 4R o B fs o d B2-62 %
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HEGE REF TR ED B(d FIB)A Bl he srin g 24R(0.75, 1) -
(0.75,2) ~ ...~ (5,6) » X262 iz ¥ F RB{FE GR > R L B2 852
AT BT R e REREFAXA PR AR T S TN SR Aok
2-4#5751 > T3S = F A4 5132520 % o Bk R AL €3 732872 % > A fREL
50078 « Bm i f AT UEPEA LR F 0 B AL 1 LE

WY PRI o T BEB R R F

_| , Corridor L & LAB 622
0, 0) (3.5,0)
(0.7.5.1) (131) (3} (?1) ‘ ’
O
07,2 (szgjzz (462) O 6,2
® 0 R
® o 18 X\®
o o N e @
® o | o0 0. [
“(3.5‘75)
o © Ae 2@
0, 6) \
. . | 4 \‘ . RN#,J - | )
~- ~~46.7)
. | | 1L |
RN,
— (2.25, 8}
B2-6 =7 %%k 5 R
£2-4 TR LS
X-axis Y-axis Position
Mean error (m) 0.645 0.991 1.325
Maximum error (m) 1.803 3.059 3.287
Minimum error (m) 0.019 0.034 0.259
Standard deviation 0.090 0.090 0.078
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LRSS
TRPBFA Lo f 2 BR - AAG - FUFDTE L0 7 RPE

Adri 7R PRIR R H -‘F’i‘ BRAD o ATl AFh 2 g CC2431 w3l HF K& 7 R 7

ia,zﬁﬁ”ﬁ%?*% BE L RRORY Farrhinl o RRTES
_\;:ﬁ,ﬁ 1.3 2 & thT & L o R F X URERRT TR A N L

F- 26 o B AR ko - gt 2 g2t (Odometer) k45 B 0 4

BAZ B AN S 8o 00 pRE N AR A Y E B B R e
WA FERETEE L ﬁ_}ii*gﬂpg 3h2 A AR A B AT BRI K

e b AR B 2 R AEALRAL S Ak BT - BE S e
-

PRLEA BT A RPN =B R L FR SR (bl S
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FoF BEAA AT AR
AR ERALIoP s - TF R DT LA B B R hp Ak
Ko MI AR CC2431 i3 B2 BEET ApE & - - BV LRS- £
PR HSEm 2 4 LR B AR A ks

BIAMWZEBIF2ZWEALp AT

A Phihrs B2 2 235 (Odometer) £ B A F * chp AR =32 > F LR

r
/M

WEADZEFTANXY,0) 27 (X, V)EPEL b i Afkenizd > 0548
BAfa b o DRI AT D EE 0 LEPBALAFERLIE D Lo 4nE
B B EABER L% 5L bbb B (Encoder) % 7% i #ic(Pulse) & 41
F AR R PR R o B S AL AP T S E MR A P S e

f o B F A PEF AR 31 ror B it B 2 3V 4e(3-1)~(3-5) 41w

[15] :
A0 (D) (@5, (9 =5, (1) (3-1)
ds(t) = 55y ()~ () (3-2)
X(t) = X(t—1) + ds(t) x cos( 200Dy (3-3)
Y (1) = Y(t-1) + ds(t) xsinZD =Dy (3-4)
6(t) = 6(t-1) +do(1) (3-5)
5 v

AL BA AL I tERp e & £ @

ds(t) 5 4 B 4 A t-1 3 t R P chfs & BERE

dse() ~dsi() = ¥ F 4 v~ =@ t-1 2 tEFRF P O & iedp
E A% %5 he B cnped

X0~ Y(0) ~ Ot 5 4 B 4 Lt PFRF e fi

o=

Ry

ik
=
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Y A
det)
N 2l
a(t)
Y(t) )
Y(t-1)
X(t-1) X(t X

Bl 3-1 st 8 % A i@ #1073

PR AT R AR R o o 8B A BB Gk RS
HBrR € %53 it oL s 3 TG i A anE L - R E 2
LR P Sl Lo R R F R @ LR L gL ga B
FIBFE A PR FA -

32 E LR A RSSIZBEAL p AT =L

CC2431 =31 F A RSSI k7%= > d > RSSI 3 % X DB PE

B LSRR TR B UE R FAL o Tk AP

R R B R R REA PR T ke B e A BRI f R BRk

o
ik
-
)
o
She
-
3
(‘rﬂf

ol FREABEIERT LF BRI FELELT Y
LEEP CRPEA O hMd PR A FREABBIEREL S H
TRFAFFLE SE - 0om CCA43L T imilFeha 4?5y "Ry > 2
B4 R REE TR B A ik d CC2431 w5l g H o kg
T EBEALA G Ll o dopt > B LA AFAMFT A B E i kA T ARiEAT L

P K2 R M TE M EA 2 R L R EA N AR EROBET > 0 ¢
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AP L o R L e
F1% RSSI ¢ L P HB L ERGRF DY P > gz
Bl e m B A cha iz ki pid 2 g2t N B CC2431 =3l #F ki -4 i
WRER ek H R i A Y - R AR T 6 Fl s - BEFE N @
R BA T E TS P REOTORASL o A Y B BiE
A IS ERE
B BRI 48 - BT ALY~ mJLAT T A P AR R 2 R E
Fl o B BAZFI A b od s B RET T L S RBE - A oA AT U R
LR A AT K MR AN G 00 1 BN R A A
BLYET 83 0P 12 BFendic® k47 ?&iﬁﬂﬁf—?@,&( Membership ) » X1 %8
R emp A ke s § 2 EAZ 2 RA(IF..THEN... ) » T 5%k #4
FiRE RO RN - B 7 2 0 BopBEg gL g TR
1 % 352 2R R d i 6 S Bl el % o
2. 7 F & A ko 03]
3. Mo BRI Sl B G eni it e
BT b g R B RO BRI R R L i ko SR AR
CC2431 T i3l Fitiig &
B CC2431 =3l 5 > 8REF ¥ ERNGHAHRE G "L Fl g
Ao REHN I BTN EEE 0 §ERPBBA DT EFLIF L 0 UL R
CC2431 = i35 Ferff T R 7> ¥ g o § R FAp AR BREF P > RN Kk

LB HAPL L 5 0 A 7 hip iyl CC2431 Rind| Fef TR 7 Ltk » 78

x\“\

B CC2431 2 i3 G enf & o32 %] 5 40 F 0 F R FAPAR S BRE N - 475

Rl R D & AR 0 A T A B Y] CC2431 i3 FenfE TR % 4

7R CC2431 T i3 Fef & Bz %~ o 4 2 CC2431 & 318 52 & 1§ o

HEART D G BEIR ABERAI N P2y A S enT Bt R Egry RAREAL
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A EERPBEABGERE P B DT FAR S > TR P RAPEAL
BEIERN > Vo  FRFARLBEBEF LRI A fanr£L4:87 5 242
F /J

POORERGE S A F T R EABBIEREE P LRI AR OFELE S

IR ERGE ) REIHRFR O RS DI EF AP EAHLHI6 2

~
|

LR LARP PR g B
AL R TR R B A B A Rk Mo ] 3-2 T o i’é:i x4 CC2431 %
ff’_él?ﬁj%%i}i DRZ%‘-"%% A ﬁ%f’éﬁ.&%ﬁ- Dro ° J:” = ‘f}ﬁg? L BoR Rl (XR,

YR)o A A B FEYAZIE 6 2 ¢ pro CC2431 T =31 8 § B4/ » i 1 45 F 1

CC2431 Odometer
Location Engine

(XRz-YRz} ()(Ro-YFu:o:I
L W
Dr:= (Xrzs Yre k= (Xpzs Yz it Calculate
the Distance
DRz

A 4 A4
~
Estimate
the Weight by FIS
>
WV Wy

N

~
Estimate
the Position of Robot

!

(Xe, Yr )

B 3-2 # T AP AT 5 AR
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o R o RUEFR 2B R - o A5 0 ok CC2431 w5l H i

A ERPEL L AR E s R EREE A X T LAY

=z

AN

T2 BB 2 BREFWBASBHIER M > TRIDRELER ] O PEL p A
T g v d CC2431 2 318 ki > b 2R AFEL NP ELE M B

[P

P EFABFIEREARE 30 280 LRI AMFLZPE ERB I DLR

4

St

PR RPEA DT A REAMTE LR E EATHR Y AR

K

33 HRBETARE R
3ol A fed B B E T kSR AL MY @ ok R k2
Ao Ao Bl 3-3 i o WO BRI E ¢ 3 ok i (Fuzzifier) ~ 483 51 & (Inference
Engine) ~ #ioks H P (Fuzzy Rule Base) 2 % j##%s i* (Defuzzifier)w i 3% 4 o ﬁ%l » &
CC2431 # i» 5 &F cff T & Dr, frid B A B JE4E Droo ™ ﬁi?l It 5 CC2431 = i35l
HFefgE B W, PR3- BHEL EE > ¥ - B 2F 6|2 08 K7 o
B oA KA @R~ Dgy ~ Do 38 7 #0491 ot iy » 28 EF B 3 i (Input
Membership Function)% 3+ = #- CC2431 = =3 & crfE T & Dr,» * 1 I & % »
Awl G gl £ B 2 o (Very Small) s & Rl £ B 0] (Small) ~ =Rl £
£ ¢ % (Medium) ~» 7= Rl £ 8 < (Big)~ T.=m R £ £ 2% < (Very Big) - 4-H
3-4 4777 o etk & KB B AP FIEY Dro A » T & % AU P EAHE
ied i< (Very Short) ~ # # e &(Short) ~ # & jEdg ¢ % (Medium) ~ # & jE3E £

(Long) ~ # # pEd 1 & (Very Long) » 4cB) 3-5 #151

A, (Dy, ) 4,(Dy,) B'(w)

s s ™
Dr, —>  Fuzzifier Inference Defuzzifier
Engine W
Dro —> 9
Ro \

Fuzzy Rule

Base
N/

133 Hop BB 417 S B A A A e f s

A
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Degree of membership

Degree of membership

Degree of membership

Vernry SmalSlmaII Mledium IBig I I I Ver;} Big I I
L L L L L L L L L
o 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
DRz (m)
Bl 3-4 CC2431 = i3 HF & TR hiF b > ¥k
T T T T T
Very Short Short Medium Long Very |Long
1
0.8 -1
0.6 - B
0.4} B
0.2 -1
[0}
1 1 1 1 1
o 5 10 15 20 25 30
DRo (m)
-, 2 e E= B3
W35 1% 4 5 b Edgenff b 5ok
Very| Low I Low I IModerateI I High I I\/ery High
ik
0.8 .
0.6 -1
0.4} B
0.2 .
o
L L L L L L L
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Wz

B 3-6 CC2431 = >3l g & @mﬁﬁ?@?, & He
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Z 3-1 o RP| £

DRo
Very Short Short Medium Long Very Long
Very Small Low Moderate High Very High Very High
Small Very Low Low Moderate High High
Dr, Medium Very Low Very Low Low Moderate Moderate
Big Very Low Very Low Very Low Low Low
Very Big Very Low Very Low Very Low Very Low Very Low

M ,1#1;'] 51‘;%%7’1]%‘ & Fe(Output Membership Function):k 3+ » #- CC2431 z_
T T BE &L ELEL B XE(Very Low) s # £ & < (Low) »

& & ¢ (Moderate) ~ £ £ & % (High) ~ 42 £ & {3 (Very High) > 4=B&] 3-6 #771 o
GE WA 1 o i R DRy Dro #3310 6 §F B 3 e A (Dg,)

A,(Dg,) » #R 16 £ - EE 5 EF o FE i R I 7 9 5] CC2431 #i-
LB R E g 2 i & BI(W) o @ B Y e & 3-1 4T o i B A RIF
he Ay B P “,% 2L CC2431 z x5l FmE izl AR 2EH ) » &7 JLQFK &3 3t

- MABE D ARE o A E 4B - BUEHLE o % 2 CC2481 i3 B gk

* Minimum Inference Engine %3+ & ﬁ_#ﬂﬁ%] AiE o 4e(3-6)#r T

B'(w) = max[ Al (Dy,) A AL(Dy,) A B (W)] @9

St
Ao

k 3 P8

A (Dg,) 5 % | i HoAp LR 57 Dr, i & B i

Ay(Dg,) 5 % | i Hoks SR 97 Dpo ff b 3 e (.

B'(W) % % | £ Hop2Lp cn CC2431 2 i3 | B 2 o & &

B'(w) » CC2431 i i | BF e & i 41 ok & &
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Bl o Mefisn 31 B TR 19 S 0 B & 0 1548 Center of Area X jHibhe it > 4e
B-T)#7 » #9 Wy ERHH (5 enp i o 5 CC2431 R 5| BFenfp & & o
D B'(w)-w
W, = , (3-7)
ZB (w)
B b ek BB T 1 19 3] CC2431 R 51 B enf & 6> (5 A H 4p e
£

OFE LlEn Gl R T UG E e e s 08 gt g
FRPEAORLE L EEA A TEIBEL P E A e R AR E 4 (3-8)

R

XRo XRz
= (1— Wz) +W (3-8)

St
Ao

Xp>Yra b o LA ge Rokdhic ¥
Xro~ YRo » AR T WA ot iRz
Xrz~ Yry & CC2431 7 =5 F @ = 8 BA ched f B4R = %

Wz 7 CC2431 z =51 Fangé e

34 $&HaHH

BB R TR AR T ek R BB AL
NERBFAI RS PALIEMPR Y ¥ BRI L § P ineg o f 202
WEARenE o F - %G o 5 CC243L R HRZRESHERZ T

NEATRHBEA DS L OREF B k LA B MR KB T

S A F TR PRSI IBE D e kO REIPF D e £FLA
gaEw R R o
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Frd #r FRGEE
AR GBS hoP G E Rk pli

#
T REBER R TRV GEREHE RS E AT LERR Y F o £

ARG ER Y > {0 2D RIEBPB R 2 R A X F iR
T kR F R A TR AL TG LT €S W
(Stereo Camera) iz A& & i3 31 (Depth Image) % #ip| ¢ * + [19][20] - ie & # ¥
Pt d 2 FRIBHEZ RGBT F o HNFRAE S BT
WEAAS o g AET TR AR T o Kinect & F 7 i i pE
BEEHI AR RPGT A2 G s RN e ¢ R F 2 R
%.(Skeletal Tracking System) » $f28fé% KMhipl b 5 i §es > “rrd kg2 E

Kinect % 154 48 % 4 i jplie © K ¢
4.1 Kinect fi S erig #

Kinect F_icdic 2 @ “TR Zenfig £ » B* 3258 1 % XBOX360 » 3 3=
A EEFHEL R EEE e WORPRR LG R LIS - Kinect 2 4714 pE
Flizak }_ﬁr—?ﬁ g BpIR RE THVERESE > 4B 4-1 P71 0 Kinect i ¢
e RGB HHB R EE L HhFM > 7 ¥ 9Bl o d 5l 2+

iz o SUR BB 91 fn ¢S CMOS 48 THE 3 iR RIS T IR AR

T S PEEL T AT AR AR 2 e A E 5%

e P M B (7 o B i e d 41 PP o

TEPE LY Kinect REFRGF M o #* OpenNl (Open Natural
Interaction)[23]% & F g - OpenNIl 2 - BEsT 5 eh T p R3E1F | B3R 4045
A TR AR, F FFE A B TR TR PALE PR (E
CPRORENEFEFINCAARG B S AMEBELFTH L BE

/i gt 48 (Middleware) s B4 & @ % Ap B ot b 2 e * o #7115 iE OpenNI 2 84 »
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IR Projector RGB Camera IR Camera

& . _/ / XBOX 360

] 4-1 Kinect[21]

#. 4-1 Kinect .1 4 [22]

Color and depth-sensing lenses
sensor \oice microphone array
Tilt motor for sensor adjustment

Horizontal field of view: 57 degrees
Field of view Vertical field of view: 43 degrees
Physical tilt range: = 27 degrees
Depth sensor range:'1.2m~3.5m

320x240 16-bit depthat 30FPS
Data streams 640x480 32-bit color at 30FPS
16-bit audio at 16 kHz

Skeletal Tracking System Tracks up to 6 people, including 2 active players
Tracks 20-joints per active player

Audio System Echo cancellation system enhances voice input

TR BT Kinect 454 B 2 RARH o X2 g ¢ A Rl engl
B4 R R EHLL B
4.2 &% 3 5Rl

536 CC2431 %3 - B EAT BRI Y F i hmg o i LR

RHDF R -

REFHA A BEARBTERT F G B oL AR
I A EA AT Aﬂz pF o> 3% 4 A5 1 p|(Body Detection)¥ 4 3 i jp
(Face Detection)= f& = /= R EP-{S B A & & * —*Ffi Refpfizd B EBEAFT

Mg TR S e B HHow e
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421 % A5 R

A

N
NN

—\

BRI 6> A2 £ F OpenNIl 2 7 4 f088 #r4% i e 48 3 Biok Sz

2

&% ¥ & 4 %(User Generator) kit {7 i€ * & ¢4 A5 ip] 4] 4-2 957 o F L

-&"

Kinect B~ ¥ — 3k 320x240 ciF R Fiis - * § A2 B g & HR Y o LRI &
FRPFEEARE > REBER GBS J (ot b F 5 5

fod )R H R G E R ¢ LR R G ok B

B RIR-GORIT] S &Y % R R (label) > &t ik E(pixel)F i *
Bl TSP RS AP R B i MR T FRGFRR R BT

&k o 4o 4-3 Ao o @ ¥ f%%ﬁg_; RE U pFEERIT6 R K

-
SH
o
=
¥
e
N
?

AT 2 A kPR o B R RR B MRS B

ﬂ,gﬁﬁﬁ@Mm%*ﬁﬁ&ﬁii%ﬁﬁﬁ?i$FMJ%’%@
A-4 5T 0k st g 0 RGN e A R e RS
B0 20 6 B BRI S w S AR 55 4 B ¥ S (Machine

Learning)#:& = ek ~ Bl TR E 7 R g A2 H AR g £ 130

Depth Image
Y

User
Generator

, User Tracking

ey
Pose

Detection

Y

Calibration

1

Skeleton Tracking
m 4 2 'ﬁ, _,Eﬁj[}\‘{ jb/n ﬁ_?_m
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B 4-3 A 250 pl2. %

Bl 4-4 fit * Z %0 Psi | [24]

$eR Y AL BT RN S B AN R b 4 BT R4
FOELRY F o5 BEER A RPBALT AR AHY R R F 4

A Bk E TR TR R «‘ﬂkfgigng,ﬁj I ER GG P g —‘g,; ’

{

%1’%’*—%‘%?&»? R R HR B ET TR Ae(4-1) 57T o et )I%ééfﬁ | —‘F}f

LERE R P N B %% 4o 45 ST o

i=1
XU_Depth _ k
YU Depth : (4-1)
- Yi
k

St
Ao

Xu _Depth * Yu _Depth F T é—‘—/#&% o v m?ﬁ’“ B
S Vi P‘ i * i /7'?5‘. o ¢ ”'LH:E'#); ‘7/’“%\% [l

ké%?ﬁiﬁﬁéaﬂ%%ﬁﬁ%ﬁﬁﬁ
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4.2.2 A 5% iR

BAGEBR DG AR ARSI XA ook BT F I
BPIRBEFFR P ARTE > F 5@ NS E R A > AT Kinect B~
7 - 3k 320%240 042 ¢ Brifis - = B4sE 4 * OpenCV (Open Source Computer
Vision)[25] 4% & < Haar-Like Features k35 St 3 & ¢ 7 it 04 % & &

Haar-Like Features &_d.-Viola[26]r2 2 Lienhart[27]#7# ) ch A 3 W8 p] = % »
Flo AR Bl A3 TSN EW RTINS R NRE G AP
MR R AR TV UL ARER R Rk o

% 1§ AdaBoost Learning Algorithm j&_+ + 5k e X S & ¢ > Peag ) B 5 v 4
A R R R R RAERIR T NG A PR 3REd B A d e
b2y %45%5‘*%&%@; Haar-Like Features » 4= 4-6 #7171 » F i % #fc ~ SF e
¢ & FlFEHE 57 - Haar-Like Features £ 41 * 26 RH.F R R L B ki fm
A % 1§ ip] - Haar-Like Features § # & 31 ¥ hF o 7 % - BHEB LB T DR
BRAREFREREQREZIRIFEMTED) Wwhk LER E 0 B 5 A GF
Hoor BRI 3 A g

20 haE e Y R N A% RS 0 B i2eey Haar-Like Features
s o] ez ¥ > 3K Haar-Like Features it dim ? 45 41~ £ e g djic» ¥ ¥ 3§

i@ Integral Image i& & etz et » kb <X PR | % B PIAT % o 4B

\-\-}\
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4-7 #75% > Integral Image 1& & = ;2 §8-f Z Bh(X, y) B ez F & 975 & d 3
BIp chifch B8 F4cly » REATY fF BA7e 7 hifdk & 4ot - ko
BFHF R R LR & 31% Integral Image (% - ﬁf‘ui‘é SENET N
Eiapore g oehifck @0 4o &k £ Riggs 7 113518 Ro-Re-RetRa R £ 17)

AR EFTEE

{5 * Cascaded Classifier = /2 Xk 2|$R BN " H LT 5 A% "

o

o & — BN & A % 3 pceh Haar-Like Features " 4~ #& Classifier » § g & 45

R

% B A # B il - i B 0 Classifier 4 ’iﬁgﬁ‘ﬁt‘%liﬁ AR F 2 4

% 82 ¢ — B Classifier :§ 3] & & » i&z LA R B 0 4B 4-8 ArT o

1. Edge features

2, Line features

Hini=l-0 4.4

(a) (b) (<)

(h)
3. Centersurround features

(@) (b)

] 4-6 Haar-Like Features[26]

B 4-7 Integral Image i& & [27]
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BB 0 4oB 4-9 #70 o F]t > e Haar-Like Features * i 8 B #1451 ezt %

BY o hhe BB AR RARBRS NP E SR L AR

it Ak L

-~

d 3t RGB % B il g 5 % et & 5
3ok BRI ARGEG Y TR PagEd > RT3 N4
WA g F P E > T & L RGB 3 B4 3P| Normalized Color
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R

r=— 4-2
R+G+B *2)

G
= 4-3
g R+G+B *3)

R -G -BAus RGBZEhi % Fihii

r-g4~%u s NCCHTRai %kt iE

P NCC 2 s » v jir 22 g enbd (% 35 0 A 36 F & 2 F1[29] © 4o ]
410477 » T g N A K I e T ERPE Y T TES B A RS R
BOARES o FHRFN 2R EAGES R ogp ot kA hT R

Gdown ° H o0 41\7(4-4) N (4_5) B

9, ==1.376r" +1.0743r + 0.1452 (4-4)

Ogoun =~0.776r% +0.5601r +0.1766 (4-5)

B9 4 £(r=0.33 > g=033)4 £ ¢ 5 AW A T BER o T A L R
6 ¢ LERA o B ¢ Lho(d-6)fr

W = (r —0.33)2 + (g —0.33)? (4-6)

Forl A Rl Be(dT) 5

Ski 1, (g9<9,)and (g > gym)andw >0
in =
O , otherwise

(4-7)

e

Skin=1 2% ¢ >Skin=0 2£% ¢

FiEA%E S N i};? 3t E & — B Haar-Like Features A * fd jp| 145 ) (082

GBI 2 ARG PRI T2 PR R RS Y R
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. Z Skin
Desityg, = ——=————

=— , (4-8)
width x height

Desityg, » * % § ¢ % &
Skin 3 % % J§ & g+ /)

width ~ height 4 %] 3 84 % 3 enF fr &

B ié > 3-8 A& - B Haar-Like Features A % W R[5 M enB i H 2 L 6 ¢
BB HAGES RAB AR FRERLL I AR RS H Lk Ao
4-11 #7700 @ R EF A i Rl 2 T A2 Bl 4o 8] 4-12 FTom e

ROEERY KRR FAEES AR R R Y F A %Y o

B A R R E TR Tl do(d9) A

width |
X+
XU_RGB hez ht
1
Ype |=| Y+ 2@’ 4-9)
Dy res width

Xurce > Yupree #4298 Hm ¥ enAigd Atk
X Yy add Fa Y AR E AR
width - height 5 43¢ & & ¥ 4 3% 482 5 frE

Dures 5 %:¢ Fm ¥ ehA & R

Y

FEAG? CAEETUEBBAG I LS e ke @ ﬂ,ﬁg@&%ﬁnﬁ*
REET BRI EA LR X endiih fo AR LT EHLIRY F o 58 L

RAGEIARY R F o RBE A B F BT 2 e
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AdaBoost 5| Haar-Like

Learning Algorithm - Features
A \.'
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Classifier

Possi

Face Skin

Density

Face Image

Image

ble Face Region

Bl 4-12 A 3 1 p]on A2 )
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E b7 - 2T 5 o SRR
9% %S W R B B 0T T
%R luwﬁt % ’Eﬁﬁg AF Y
Ve o Tilt
o, 1 Motor
{ —
Visual Kinematics v, Left
Tracking Transformation - Wheel
Controller Motor
Ve o Right
> Wheel
Motor
b G ddy 4 F 1B
1 [Xu, Yu,
4 «i’riﬁ B *
BRI P AR ER RS AT
ﬁ@m;EOiﬂﬁﬂ—i@W%%’
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Fim2, HEA R BRI A%

Xy Xy re
Y |= Yo res (4-12)
Dy Dy _res

HR3. BE A GBI F A A

X’u X U_Depth X U _RGB
YL’J = WDepth YU_Depth + WRGB YU_RGB (4-12)
D'U 45 D U_RGB

Depth [O 5 0 5 0]

W, =[05 05 1]
SEBE O RAFELEAB B T 0 0 A HY T AN hdw X))
Y, ood AR UNER PR > 8 B A FEAE % H ;ﬁmfrmr,, T R A
PIAAG 97Dy R 2R F A A KA E A i (1T o
TR e A B R P R 3 § K~ LS E T
3o % (Mean Filter) % 3¢ 17 J ik > 4e(4-13) 977 > il T pF 8 P chn 5~ U5t

T T

R
Yf
X,] & o
Y, |= n“' (4-13)
D

218 ek 10l ~ B FHCR 1 By~ SRR S R
XysrdiEe suli*fagatiz@(Very Lef)~ % 4 ado =if
(Left)~ & * % &k & ¢ FF(Middle) » # * % &k 5 - :#(Right) ~ @ * ¥ &k & 1%
+ i (Very Right) » 4ol 4-14 4777 o R #- Yy o 57 B R s 20 5% ¥ ¥
ahm it (VeryUp)~#* g edeta(Up)~ &% F e F(Middle)

#* HeHe "o (Down)~#* F aF g T G (Very Down) - 4of] 4-15 #777 -



Degree of membership

Degree of membership

Degree of membership

T
Left

T
Middle

Right

o 50 100 150 200 250 300
Xu (pixel)
Bl 4-14 Xy mﬁr’f‘ig, &
T T T
Very Up uUP Middle Down Very Down

o 50 100 150 200
Yu (pixel)
i vz EIo,
B 4-15 Yy 0 o e
T T T T T
Viery FarFar FrontClose Very Close
1
L L L L L L
o 50 100 150 200 250 300
Du (pixel)

1 4-16 Dy i o dic
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Dy k" LB @R S k4 N HIEBPBE A OB > Am> FEZPF A0 e
@ HRFF 60 A2 % 2FEM O A M PFASE TR G B 2t o iRt SR
Bo#Dym I e »u5 % FIEg E L g (Very Far) ~ & % F iEd
WwEAEFa) - # % ¥ A E LG9 (Front) ~ # * # pEH F ¢ 17 (Close) ~ i
*HEERS E 4 g (Very Close) 4o 4-16 #7or o

B e B E B E 4 R [on s oa Vil 2 ¢ on L8 E ¢ A4
FhEE R REWBAFT BRI L ke @ _-ﬁ i EAB B A FEIM T
i R EPEAT B EENG o RARFRT 0 Vn B E L AR
AR OEBEAT LA o By A ehiF B 5 #i(Output Membership
Function)zx 2+ F » ¥4 = 7 B & % > & 9] 3 :# » 2 #(Turn Left Fast) ~ & %
#& (Turn Left) ~ & 1t (Stop) ~ » + #& (Turn.Right) ~ #-:# = + #& (Turn Right Fast) » 4
Bl 4-17 #77m > § R % F 2 F B OF G PR L G R Lk < 1840785
rad/sec %k P-i# #& o ¢ * —*‘Ff o etk e #-ogy 2 > T F o0 & W) 5 i e b i (Turn
Up Fast) ~ & * d&(Turn Up) » i% 1+ (Stop) > = = #& (Turn Down) ~ E-i& » T & (Turn
Down Fast) » 4- ] 4-18 #77 > R &b = #i2 5 40.175 rad/sec & P-ig i & * H o
Bfs o Vs &7 B E % 4w 5 R {819 (Move Backward Fast) ~ 13 i3 (Move
Backward) ~ iz i+ (Stop) ~ + i&(Move Forward) ~ -i& = :&(Move Forward Fast) > 4c
B 4-19 #7772 A TR 0 RATPBEALADRER 0 RS RERK T
% +30 cm/sec -

SR 0 AL BRI 15 60~ SUBLIX ~ Yy ~ DUl 2P s B 5 B
A Xy) ~ AYY) ~ A(Dy) » 218 b i P04 5 B 5 pe ok SR

—:‘;J._'% :{ ”T#B/f%mbﬁag A 1§ }i om H H ¢ ﬁﬁ%ﬁ']&%""&t"—r :

il

If the Xy is on the very left side of the screen, then the robot turns right fast.
If the Xy is on the left side of the screen, then the robot turns right.
If the Xy is on the middle side of the screen, then the robot stops.

If the Xy is on the right side of the screen, then the robot turns left.
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If the Xy is on the very right side of the screen, then the robot turns left fast.

If the Yy is on the very up side of the screen, then the robot’s head turns up fast.

If the Yy is on the up side of the screen, then the robot’s head turns up.

If the Yy, is on the middle side of the screen, then the robot’s head stops.

If the Yy is on the down side of the screen, then the robot’s head turns down.

If the Yy, is on the very down side of the screen, then the robot’s head turns down fast.

If the Dy is very close from the robot, then the robot moves backward fast.

If the Dy, is close from the robot, then the robot moves backward.

If the Dy is in the front of the robot, then the robot stops.

If the Dy, is far from the robot, then the robot moves forward.

If the Dy is very far from the robot, then the robot moves forward fast.
AfREBA 2 e 0 — #@ * Minimumnference Engine %3 ¥ ﬁi#ﬂﬁﬁl g o 2R
i% 16 Center of Area & f2 kit o 22 B AU Ap R il B| < si)iiﬁi% At [om > ot > Vin] °
Befs B B A R IIBA L A e g 2 @ & (Kinematics
Transformation) » 4 (4-14)~(4-16) %775 > 4oyt 5 E A ﬁ%‘uﬁ‘é g * F @ i gk

f
EHE Y F A R R Y KB A HURAZ R 4T ] 4-20 41 o

E-
Vi =V + = (4-14)
E.
er = Vm - n (4'15)
2
Vtilt = Wyt (4-16)

Vil Vi 2 8B A 286~ + k2 # & > 8 i~ cm/sec

Vit % 8 B A g0 T iz & R 0 H = cm/sec

om~Vim & B HGE Bdr 1 BB et B L AR & iE R AU R ¥ - om/sec
Ot = %“M&iﬁ”‘;%‘l%f%ﬁ%] M B A EEIR P T Rr2_ i B 0 H > cm/sec

E L8 % A A 52 Feniedt > ¥ = om
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[15] 74 di— B {7 5 & 07 2R E A 2 Fadpd] g 5 AdD &-
FEpATr i Pt gdrd| S BPFL L AL PR - Rt 7 faa
ﬁw,mﬁzgﬁigaéﬁ:ﬁwifﬁﬂﬁﬂéﬁﬁc

» 1 3 10 BRI | BB KKt = ﬁé%ﬂmf—ré AR Aol

94

R L At TP
Wz d 7 5 (Obstacle Avoidance) ~ 7145 7 4_{7 % (Wall Following) 2 2 p {&3f BE_
7 » (Goal Seeking) » # ¢ § +4F 4 tk (Laser Scanner) % < f ¥ WK T > (75
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The fusion parameter (WF)
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The Y axis coordinate (cm)
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% 6-1 E A B MAHH 60 o 2 i F % By
D, Ky Yeo)og Xy Yo, D, W, Ko Yoo
6m (-54, 597) (50, 750) (50, 75) (0,0) (-54,597)
8m (-82, 795) (150, 1075) (175, 75) (0, 0.075) (-82,817)
10m (-113,1013) | (125,1175) (25,0) (0.283,0.283) | (-46, 1060)
12m (-78, 1257) (-50, 1700) (75, 500) (0.15, 0) (-74, 1257)
14m (-109, 1454) (-25, 1800) (50, 500) (0.216, 0) (-91, 1454)
16 m (-131, 1650) | (150, 1650) (0,0) (0.483, 0.483) (4, 1650)
18m (-40, 1846) (75, 1850) (75, 25) (0.35, 0.55) (0, 1848)
20m (-39, 2041) (150, 2000) (0,0) (0.616,0.616) | (77, 2036)
22m (34, 2237) (25, 2525) (50, 50) (0.483,0.483) | (29, 2377)
24m (-19, 2570) (-25, 2525) (25, 25) (0.75,0.75) (-23, 2536)
26m (-72,2731) (-25, 2750) (0, 225) (0.75, 0) (-36, 2731)
28m (-86, 2924) (0, 3075) (25, 225) (0.75, 0) (-21, 2925)
30m (-76, 3119) (150, 3025) (0, 255) (0.75, 0) (93, 3119)
36 m (-73, 3695) (150,-3575) (0,100) (0.15, 0) (-40, 3695)
38m (-100, 3885) (75,4200) (75, 350) (0.075, 0) (-88, 3885)
40m (-142, 4079) | (150, 4675) (0, 500) (0.283, 0) (-59, 4079)
42m (-132, 4265) (25, 4400) (0, 25) (0.35,0.35) (-77,4312)
44m (-146, 4499) | (150, 4725) (150, 25) (0, 0.416) (-146, 4593)
46m (-210, 4783) | (150,5175) (0,,500) (0.483, 0) (-36, 4783)
48m (-105, 4970) (50, 4900) (50, 75) (0.35,0.35) (-51, 4946)
50 m (-121, 5132) (50, 5025) (50, 25) (0.416,0.616) | (-49, 5066)
52m (-117, 5254) (25, 5300) (0, 100) (0.683,0.283) | (-20, 5267)
54 m (-94, 5452) (75, 5400) (25,0) (0.75, 0.75) (32, 5413)
56 m (-47, 5595) (50, 5600) (25,0) (0.75, 0.75) (25, 5599)
58 m (-48, 5784) (25, 5825) (0, 25) (0.75, 0.75) (6, 5815)
262 BEAETRPBHFO60 S 23FLE
Localization Error Localization Error
by Odometer (cm) by Proposed Method (cm)

Time X-axis Y-axis Position X-axis Y-axis Position
1 1506 258 1528 21 35 41
2 1171 74 1173 33 49 59
3 1147 93 1151 51 44 67

Average 1275 142 1284 35 43 56
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%63 B EAFEHE 60 2 ¢ 2

T F S ey

D, Ky Yeo)og Xy Yo, D, W, Ko Yoo
6m (-32, 599) (25, 825) (50, 75) (0,0) (-32, 599)
8m (-53, 798) (-25, 950) (25,0) (0.217,0.217) | (-47, 831)
10m (-67, 1030) (-25, 1000) (0, 100) (0.283, 0) (-55, 1030)
12m (-79, 1228) (100, 1575) (25, 25) (0.35, 0.35) (-16, 1350)
14m (-52, 1547) (75, 1550) (25, 25) (0.416, 0.416) (0, 1548)
16 m (-26, 1747) (100, 1575) (0,0) (0.483,0.483) | (34, 1664)
18m (3, 1861) (0, 1875) (50, 0) (0.35, 0.55) (2, 1868)
20m (-28, 2066) (75, 1925) (25,0) (0.616,0.616) | (35, 1979)
22m (-2, 2176) (50, 2025) (25, 100) (0.683,0.283) | (33,2337)
24m (0, 2331) (-25, 2350) (25, 125) (0.75, 0.35) (-18, 2337)
26m (-59, 2533) (25, 2475) (25, 50) (0.75, 0.55) (3, 2501)
28m (-30, 2698) (50, 2550) (25, 100) (0.75, 0.35) (29, 2646)
30m (11, 2846) (150, 2850) (100, 25) (0.35, 0.75) (59, 2849)
36m (641,2966) | (1250,2750) (125, 150) (0,0) (641, 2966)
38m (836,3011) | (1375, 2825) (50,75) (0.075,0.075) | (877, 2997)
40m (1070, 3049) | (1425, 3025) (200, 25) (0, 0.283) (1070, 3042)
42m (1260, 3112) | (1500, 2975) (150, 25) (0, 0.35) (1260, 3064)
44m (1449, 3125) | (1675, 3000) (0, 25) (0.416,0.416) | (1543, 3073)
46m (1732, 3140) | (1900, 2925) (0,0) (0.483,0.483) | (1813, 3036)
48m (2003, 3100) | (1975, 2925) (50, 0) (0.35,0.55) | (1993, 3003)
50 m (2182, 3071) | (2375, 2925) (50, 25) (0.416,0.616) | (2262, 2981)
52m (2447,3058) | (2425, 2875) (100, 25) (0.283,0.683) | (2441, 2933)
54 m (2625, 3013) | (2275, 2825) (200, 0) (0, 0.75) (2625, 2872)
56 m (2807,2961) | (2800, 2850) (75, 50) (0.55,0.55) | (2803, 2900)
58 m (2984, 2997) | (2825, 2925) (0,0) (0.75,0.75) | (2864, 2943)

%264 BEAEFHHO60 2 2 ELE
Localization Error Localization Error
by Odometer (cm) by Proposed Method (cm)
Times X-axis Y-axis Position X-axis Y-axis Position
1 587 985 1147 20 60 63
2 349 832 902 55 23 60
3 276 749 798 78 22 81
Average 404 855 949 51 35 68
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The distance between The angle between

Time the robot and user the robot and user
1 70 cm 10°
2 65 cm 12°
3 72 cm 15°
Average 69 cm 12°
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% 6-6 EFEAZ w18 B 2 TP Shlichy

Ro (xRo’ YRo)oId (XRZ’ YRz) DRZ Wz (XRO’ YRo)new
6m (-346, 490) (-200, 975) (150, 25) (0, 0.15) (-346, 562)
8m (-380, 777) (-200, 1175) (0, 150) (0.216, 0) (-341, 777)
10m (-363, 988) (-200, 1325) (0, 75) (0.283,0.12) | (-317,1029)
12m (-339,1235) | (-200, 1475) (0, 50) (0.35,0.15) (-290, 1271)
14m (-319, 1474) | (-375, 1500) (0, 25) (0.416,0.416) | (-342, 1485)
16 m (-367,1686) | (-350, 1525) (50, 0) (0.283,0.483) | (-362, 1608)
18m (-387,1810) | (-200, 1775) (150, 225) (0,0) (-387, 1810)
20m (-444,1999) | (-400, 1800) (200, 100) (0, 0.216) (-444, 1956)
22m (-448,2162) | (-375,2150) (0,0) (0.683,0.683) | (-398, 2153)
24m (-422,2354) | (-200, 1900) (175, 175) (0.15, 0.15) (-389, 2286)
26m (-423,2483) | (-200, 2425) (125, 500) (0.35, 0) (-345, 2483)
28m (-380, 2680) | (-300, 2775) (75,0) (0.55,0.77) (-345, 2751)
30m (-244,2929) | (-255, 2950) (125, 125) (0.35,0.35) (-233, 2936)

# 6-7 RIEBZ R B B2 F % %
The distance between The angle between
Times the robot.and user the robot and user
1 70cm 35°
2 68 cm 23°
3 69 cm 32°
Average 68 cm 30°
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