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Fig. 1.2: An autonomous unmanned helicopter “RMAX TypellG” developed by
YAMAHA @2

Fig. 1.3: An unmanned aerial vehicle “RQ-4 Global Hawk” developed by NORTHROP
GRUMMAN®@3)
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Fig. 1.4: A bird-like robot “SmartBird” developed by FES®®



Fig. 1.6: A quadrotor to carry products “Amazon Prime Air’ developed by Am&Zon
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Fig. 1.7: A hobby quadrotor “AR.Drone 2.0” developed by Paftbt
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Kinodynamic control

Nonlinear

. Harmonic . .
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potential damping Clamping
control field forces control
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To suppress the

- acceleration
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Fig. 1.8: Control input for kinodynamic motion planning for a quadrotor
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Fig. 2.1: Example of Harmonic Potential Field
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Fig. 2.2: Normalized gradient field
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Fig. 2.3: Paths generated by using the gradient of HPF
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Fig. 2.4: The clamping control
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Fig. 2.5: Simulation environment
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Fig. 2.6: Simulation results using Eqg. (2.9) (gain= 0.1, 1.0 and 100)
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Fig. 2.8: Simulation results using Eq. (2.11) (ghi= 0.1, 1.0 and 100)
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Fig. 3.3: Thrust of each rotor to control the Y-directional position aaagle
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Fig. 3.4: Thrust of each rotor to control the Z-directional position
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Fig. 3.5: Control of the attitude angle
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Fig. 3.6: Structure of the quadrotor and the definition of coordinates
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ZIT, BAEER OB MLze=[0 0 1" 45 &, Wil FILF
DEIITD.
F: = ReU;
Sinfd cosg cosy + sing siny
Ui | sindsiny cosg — sing cosy (3.12)
COS¢ CcOSH

272l U327 Uy Re—2 o Z#i5molE oA T 5. n—2 1R

BETHHN TN EN S L5 E, WHEHEZHIETL720O0OHIEIA T U 1A T
DEHIITREND.
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FTCORIZ| ET2EBEMEY DE—X 2 br=[1, 79 7] 1T TFDL I
5.
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Ty = ™M, T TM, + T + Ty
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i=1

FEARBEAEGIE Y OMWEMEE— A > b L X HE Y OEMEE—A 2 M2 1y, Y =]
D OEMET—A by, ZEEIY OEET—A L b, LTDELUTOLSIC
END.

Ik 0 0
J=]010 (3.20)
0 0 I,
ZZT
I, 0 O][ ¢ )
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m| y [+ O |=U;| sindsing cosy — sing cosy (3.26)
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1
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1
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=
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U2 = f2—f4:b(w§—wi)
U3 = fl—f3:b(w%—a)§)
4
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Bouabdallah’, #9132 7w — & 3 BB OIEHA A FAEERLE I RAT L2223,
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=77 L,

a = (ly=17)/Ix b1 = 1/l

a = J/lk b, = 1/l

ag = (lz—1)/ly bs = 1/l (3.34)
as = J/ly fx(0,0,¢) = (Singsiny — sind cosy cosy)
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LI 5.
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PREIEEIND. LLEXY, Ky, Ky, ks ZIEDQEIT A > &35 L BBROHIEEE% L
FTOEHITRETES.
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30
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(3.32) A LELDTHY, LFDEBY IR,

l X l - [ X (3.39)

X6 —g + COSX; COSXgt
Z I T, cosx;cosXg # 0 THLHLE, MHilfElds u ZLLTO L D ITIRET S.

mg mU,
U = - (3.40)
COSX7 COSXg COSX7 COSXg

Zorx, KEBINIKD LI ICEEZHEZIOND.

X5 X6

A B 3.41

M @
# (3.39)2 X (3AN)D L H LT D &, EOERTA v ki, ks VT U, =
ka(Xs — X3) + ksXg £ T2 Z & TREMUALTE, RELZLREIED I LNAHEL 72
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Ucy = _lz(l/’ - ‘//d) - k3¥’

=721, Ui,
U = ku(z— 2) + ksZ (3.43)
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342 X/ 84 F IV UKIHARA

AKEITIL, BROEZDORIEASIZ 7 Uy Fa—2 Z@HaREZR AT U =
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X AA T3 v 7 BERE A LR S 2 DIAINT D HPF & filEh s bRk S h
LHBEIATICTH 5.

70y Ra—X OKROEFEZ Z Z ClI#i-Iic x =[xy 3T, HPFOAJEL VV(X) =
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ATTAUIFLL T D L D ITHEIR T 5.

Au = —Bcx - K, VV(X) (3.44)

72721, Bce R¥S, K, € R¥|IETNENHERIN 7 A 175, HPF O AFLEEIR
TAATHNITH D.
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[hh h]T &9 2E%, UFOLIICHIETE S,
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WTCIEZ 7 v BV 7l o AR NI B8O T b #ilED 7112 NADF B35z - T
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DEITHD.
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722, b, ki>0THhY, i=cdBXVj=v,C&T5.

L EXY, BBIITHIZAER S EBOIBREIER S h L xe € R¥S, JIBRA
T2V ¥ IVABL VVe(X) € RS, JE3E NADF ho(X, X) B L OWEIE Y 7 v v 7 AT)
Fee(X, X) AT D &, TNEND HPFOAEUZEES S HBIATNILL T D L 912
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o HEMEMHIEN ) A W e
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o NADF %M L7256
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e NADF L7 S vy ZHlZmA L-54
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(3.50)
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o KEPERIEN ) & Vo6

U mg mU;
'~ cospcosd cospCcosd
| : :
U, = —TX(¢ —¢7) — ke — by — ki fy (3.51)

| .
Us = —Ty(e — 0r) — ko) — beX — K, f
Us = =15y — ¥7) — kath

e NADF Z i L7256

mg mU,
~ coSpCcosd  COS¢ COSH

Uy

I : .
Uz = —7(¢ — ¢1) — kag — bah(y.¥) ~ ki fy (3.52)

| .
Us = —Ty(e — 0r) — ko) — bgh(x, X) — k, T
Us = —lo(y - yr) — ke

e NADF L 7 S o ¥ VHIEZEA L-54

mg mU,

~ OS¢ COSd  COSp COSO
(if o> V(xr — X2+ (yr - y)2andx'(x; — x) < 0)

Uy

Iy )
Uy = —T(¢ — ¢1) — ki — by — Kk, fy — keFe(y, V)
(else)

IX .
Uz = —T(¢ — ¢1) — ki — bahy — K fy (3.53)
(if o> V(xr — X2+ (yr — y)2andx"(xr — x) < 0)

| )
Us = —Ty(e — 0r) — ko) — beX — K, i — KeF (X, X)
(else)
I )
Us = —Ty(e — 6r) — ko) — byhy — K, T,
Ug = 1, — ) — ket
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Fig. 3.8: The quadrotor
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Table 3.1: Model parameters for the quadrotor

Parametef Description Value | Unit |
g Gravitational acceleration9.80665 my/s?
m Mass 1.3 kg
I Distance 0.248 m
Iy Roll inertia 0.01467 kg-m?
ly Pitch inertia 0.01467 kg-m?
l, Yaw inertia 0.02331 kg-m?
Jr Rotor inertia 175.6%10°% | kg-m?
b Thrust factor 0.0000434
d Drag factor 0.000002188

Table 3.2: Control gains for the quadrotor

] Gain\ Value H Gain\ Value\

ki |[0.015|| k. | 0.015
ks | 0.007| ks | 10.0
ks | 25.0 k, | 0.001

b | 0.002| by | 0.002
ke | 0.004| o |10
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Fig. 3.15: Attitude of the quadrotor in each environment when using the combination

of NADFs and clamping control



Table 3.3: Arrival time

Arrival time [s]

The combination of NADFs
and clamping control | Viscous damping forces
Environment 1 36.09 492.87
Environment 2 80.60 1135.76
Environment 3 98.22 1133.30
Environment 4 60.83 674.98
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ENAIINLE (X0, Yo, 20) = (45,45,1) B LT (X0, Y0, 20) = (450450 1) 205 HAR
(%, Y1, 21) = (25,25,1) B X O (X7, y1,21) = (50,50,1) £ TBEIT S Z & 248F
T5. AVIal—rvadlBWTHET LIEEOE ) FET VB LNZEDNRT
A—Z IR OEE L RS 35, WIHILRENT (6,60,¢) = (0,0,0), FAELHIZ
(¢7,67,97) = (0,0,0) IZRRET 5. HIFHERCE ETNDH57 A VILRIROER TH S
=@ Y, b, = 0.0044,by = 0.0089,k, = 0.00006 ke = 0.0005& 3 %.

53



500

X, (450, 4
asol , (450, 450) |

4001

|9

wn

(=]
T

9%

[=3

(=]
T

[353 ] [
(=3 %3
(=] =]

T T

Y position [m]

—_

W

=]
T

100f
50t X (50, 50)

0 100 200 300 400 500
X position [m]

Fig. 4.7: Simulation environment 2 that is unsearched

R

TITV I 2 b—va v OfEREZX 488 X0 4.9127~7. X 4.8@) X 4.9(a)
ICHIE S CTWAD B 7 O FERRIE, BIROFERICE W T GA 2 W T b S
N A L EHOCESRED XY EiiE FcBiF 527Uy Ra—ZOiE %z LT
5. K48 K490 O)BIR(E)IFZVy Re—XOEE (Z @) BXL 320
LM AR LTEY, M48 K490 (d)I1Z7 Uy Fu—Z OBIENE & 3L
& DEMIEREZ R L TN S.

433 EE

FNENXK 4.8 X490 @) XLV, EHLOERBEICBWTHRENROFERIZIBNT
ik Sni=rZ A v E#HWT, 70y Re—4 2 BIESA~FEETHD Z &N
R T 72, X 4.8@UCBWTHEIEN D LERICIEN DHLEZHIWTWD R, i
L EBREEICHER T =T DRESCTH LD HEEN LNV RE-7-DI122o8
DAZMP-T2D ) NHIEFNEELZEEZ NS, LvL, AESAETIED
HRMNIBIE ATV, BRI BRI O NITPORTE T 5 Z & 23X 4.8(d)
LR TES. Fz, K49@)&V, HREREL RIS AERIBEICEBNTY,
GAZHWTIRR LI=7 A 2 HWT, BHAMNZRIEISTOELE 2T TE T
HILENHERTE T, Z0LE, EPHLLOBRETORITVI 2L —railBn
THEBAOMEITHIC £0.08 rad]ANICINE -~ TH Y, BESBEEKD, &F
AR FFEFHEATEICEE S TWND 2 ENERTE 5.

LML S, HPFOAELZFET B0 7 ) v R¥ 4 X% 50x50 [m] DB

54



50

45t ] 1.0001
401
35r

30r

Y position [m]
Z position [m]

20¢
150
10
5,
0 ‘ : ‘ ‘ 0.9999 ‘ ‘ : :
0 10 20 30 40 50 0 100 200 300 400 500
X position [m] Time 7[s]
. (b) Z position
(a) X-Y position
0.06 =
o
I CI) é 25
0.04f -6 | RE
v ==
= 002 £.8
=
£ 3%
L o
& 0 < S
— o
o [=E=N)
5 8 &
< —0.02t s =8
- QO
D S
e
-0.04r 5]
85
8
-0.06 : ‘ ‘ ‘ 8] 0 ‘ ‘ ‘ ‘
0 100 200 300 400 500 o 0 100 200 300 400 500
Time ¢ [s] Time ¢ [s]
(c) Attitude (d) Distance

Fig. 4.8: The results of the flight simulation in the casffedent from the searched
environment of GA (shown in Fig. 4.6)

55



500

1.0001
450(
400(
— 350t
g E
300( =
= =
S S
= 250 = 1 & ¢ :
z z
8. 200( g
> 150} N
100¢
50(
0.9999 : ‘
0 ‘ ‘ ‘ ‘ 0 500 1000 1500
0 100 200 300 400 500 Time 1 [s]
X position [m]
N (b) Z position
(a) X-Y position
0.08 o 450
.S
E
0.06 [ Z
o ~—
=. “E
0.04 ' =
— Qz:) S 3
2 0.02f =IB
£ o 2
@ 2 =
2 jatl)
e 5 8
g o0y Qg’ 8
o O
-0.04¢ 8=
=
-0.06} 2 g
<
Z 0 : : : :
-0.08 : ‘ ‘ ‘ = 0 200 400 600 800 1000
0 200 400 600 800 1000 &) )
Time t [s] Time ¢ [s]
(c) Attitude (d) Distance

Fig. 4.9: The results of the flight simulation in the cas&aient from the searched
environment of GA (shown in Fig. 4.7) with grid size 0.29.05 [m]

56



500

1.0001
450t
400t
— 350" —_
E E
= 300t =
Z 250 = 1 - ns
17 w2
o
8. 200 &
N
> 150}
100t
50t
0.9999 : : ] :
0 ‘ ‘ ‘ ‘ 0 200 400 600 800 1000
0 100 200 300 400 500 Time £ [s]
X position [m]
. (b) Z position
(a) X-Y position
0.08 ‘ g 450
0 b=
0.067 t=--0f 8,€400
) Ly o
0.04} ,'I ] s = 3507
—_ | ! g -£ 300}
2 002r a0 S =
N ) Q [75]
= valt | L g 250t
% R R R W A 2L &
[} 0 ‘ ol || Ik it 'I,i:'u =) *q—)'
NI | - B
é ~0.02} ' ! 85
i 3 = 1s0f
—0.04} ! s
© = 100F
32
| L Q
0.06 28 50
1 N
-0.08 : : : ‘ Z 0 ‘ ‘ ‘
0 200 %QO 600 800 1000 a 0 200 400 600 800 1000
ime £ [s] Time ¢ [s]
(c) Attitude (d) Distance

Fig. 4.10: The results of the flight simulation in the casgedent from the searched
environment of GA (shown in Fig. 4.7) with grid size 0<3.5 [m]

57



BE & [AERIZ 0.05%0.05 ]I E L 7= 554, 500500 [m] DEREEIZ I 1T 5 Afd % &
BT DTN & TR BRI )05 Z ERNMERENT-. £2C, 77U KD
MbE% 1065D 0.5<0.5 M IZF%E Lt R Z T2 & 2 A, K4.10026005 L9
2D 7V OB CTHE LIZGE SIRIEFRBEORE RN MR T 2. LD
REV, GAZHWTERR L7 A VIFRREE &L B HREEICBIT 2RI TIC B Al
HATEXDZERMRTEE. —FT, —EIEETHIREORZIIZIEDLDE TS
Uy FOMBEZBETHET LI EOMETHDLIEEZOLND. FRIUICIE, E
EMOREEMBRB LT Uy PP A X 2T LI EZOND. HlZX, &
EWPEBITAE LIABR AN S T285853 DI 7 U R &2 < 8- TR 22 Sl 2170,
BEEH DFAE LIRWBIT T2 ZERICB W TR Z Y v FaE K& < U)o THLBELRE 4 4
METHEVSTBZFETHZ LB OND.

44 FEH

ARETHE, AIEICBWTIRELZ Uy Ka—20Ox /) X145 v 7 @hEitE %
FET L 0OFMEATNCEEND 7 A K LT GA Z Wik b 21T - 7=,
GA TiL, h—TF A FM#EIN, —HRRZX, =V — MEIR, BILOZERELED GA#H:
TEEBRA LIz, 70, SEEROFS7 A 2 W THEEYOHFIET HBREICET
HRATV I 2 b—a U ETY, BHAELEN) D O RMSREZE, HlRIFRINICHRIT L
7o FERE, 3 X OVE AR AEGE U2 RER &2 B E U CHERR L 7= R-m B E 2 VW T &
KROFMZIT o7, ZOFER, GAILL» Thalfbani=r A v &2 HWwa Z & T,
70y Re—4%BENE CHEBIISEOND A2 I 2L —2 a3 ETH
LML, ZOEE, 77Uy R —ZEEE - R LEHICLE LTARITEIT-C
W2 Z E LR LT, EIC, b SN A VX GAEHWTIRR LIZBREE L
HBpLBREICBWTHLARATHL ZEE2MAELZ. —F T, #HETHIRESKD
KESHEREE L RE BAEAITIE, TOEEY A X2&bETZ Y v Ko
Wk Z T 20BN H D 2 L bR LT,

58



E£5F 3RTZEM[ICHITSBEIHIEHA
LN

5.1 AEDOHE

AT E TORBETIECBWTIE, 7V y Ka—2 0% ¢, 0 FH~DHIEA
TNZENZEINX, Yy HEDHPFOAEARY wv B 2425 2 & TX-Y i T
D2WTZEMNCBIT HFEE B 22> T2, RETIE X-Y Fm b ToHEzin
ZCZHEOHEEBINT D Z L2k, 3WTZEM TOFEHIEEEZHEET 5.

LN TIE, XY m EZBET 5720 0HEANCHOWTEE L%, X-Zimk
EREIT ST OEIFI AN ONT O 1L OOHEAIZ R, ZDbx, 3502k
JLi L COHPFO AR Z BTN U TV B2 5 FEEZRET H. b, £
ZND 350 2WITH TO HPFO AR Z AR L THIAT 572012, 250 2RIt
1 C D HPF DAL O B A JEFEE D & D 2 FHb L T Ol 7 [ O AEL & 3 5 Fik
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Table 5.1: Model parameters for the quadrotor

Parametef Description Value | Unit |
g Gravitational acceleration9.80665 my/s?
m Mass 1.3 kg
I Distance 0.248 m
Iy Roll inertia 0.01467 kg-m?
ly Pitch inertia 0.01467 kg-m?
l, Yaw inertia 0.02331 kg-m?
Jr Rotor inertia 175.6%10°% | kg-m?
b Thrust factor 0.0000434
d Drag factor 0.000002188

54 #EIal—3ar: HPFOUYEZ #ALNV-3
RTIRETOFEE

BZ L7, HPFOUI Y B2 2 W =HlE Lo 2R T 572012, 3T
DBRBEIZBWTIZ Uy Re—X 2 {LEOBES~FEIETH D I & 2 HEAE
V7 K MATLAB ZH W= 2 2 b— 3 LV HERT 5.

5.4.1 IRiE

Ay Ialb—varTiE, K510L957%200BEMNFET HEEICEN
T7 Uy Fua—2BWHINLE (X, Yo, 20) = (45,45,45) [m] 7 HHE7E Sz HEER
(%1, y1.2r) = (5,5,10) (M| ~BET 25542 HETH. 7V y Nu—FOEj/)%E
TMZIE, BITIZBWTEH LK (B.30)2H\ =, £, vIalb—rva il
BWCEHATANRT A =T, HIZBIIEBITHVIalb— a3 b REEICHZEE
ICBWTHERR L CWA 27 Uy Re—#nh bR L8 (% 5.1) 2 W=, £7-,
IR v ) 2y I RO DDA L 1EE B.20MEE, BINERS ORI 7 A > 1XA
BB Tk S FUE (be = 0.0044,by = 0.0089,k, = 0.00006 ,k: = 0.0005)% /1]
AV

5.4.2 #&8

R AKX 5.4 & 55277, K5A4FOFOOKLYZ U v Kua—F )@ L7-#L
%, M550 7, F, MOBIRHZTEDOI Uy Ru—F OREM (6,y,0)
EENENRLTCND.
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Table 5.2: Control gains for the quadrotor

| Gain | Value || Gain | Value |
k1 0.015|| k» 0.015
ks 0.007 | k4 10.0
ks 25.0 o 5
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Fig. 5.4: Trajectory of the quadrotor.
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Fig. 5.5: Attitude angles of the quadrotor.
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Fig. 5.6: A schema of generating 3-directional gradient using three HPFs
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Fig. 5.9: The HPF on the X-Z plane
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Fig. 6.1: Overview of an AR.Drone.
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Fig. 6.2: Controller of an AR.droff&.
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Fig. 6.3: Position measurement in X-Z plane.
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Vm ax

_ Zm tan @ — %) + zn tan @r - %)
B 2
KREOEBRIZBWNTIL, ZOYATAZFHWTHEI S AR.DronedN & % &1
T 5.

(6.8)

Ym

6.4 AR.DroneZz UL \-EE&R

AEiTiX AR.Dronex W THRZE L7 HI AN K-S S BBV FERAZ1T 5. Ak L
7eBY, KAEBRTIIERLEHEANDD S B, MIKOBRBREHEFTH20DIE
w2y 7 EER Sy 2 AR.DroneNERIC EEE STV A BBIEISE L R TH D
A7 L, HPFOAEL, NADFs, XU 7 B2 7l ED < BINHIHEE 5 0
% AR.Dronelz 52 % = & TiHE A2 RAD. ZD L X, AR.Drone~DilEIA T
L U CABH I~ HEEEE Vi, Ve, Vz ZBAFO L 31052 5.

78



Zm |
Marker
Left camera S ;_ry
> 3
— il — 7 ”
0 ¢,

Fig. 6.4: Position measurement in Y-Z plane.

(if o> VO —X2+(z—-22and K (xr —X) + Z'(zr - 2] < 0)
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(else)
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IR LED marker

Fig. 6.5: Installation of the marker.
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6.4.1 FEERIRIE

6.6 [CEBRDERBEEOGTHAZ, M 6.7ICEREEZ L6 Rcha OLE
BfR 2. M6.612H5 & 918, ARRICEBW TINERHIT AT LD X D
EDTTIR EREARD Yr OIED T, ALEFHHS AT LD Y filDOIED 7[R &R

Table 6.1: Control gains for the quadrotor

| Gain | Value | Gain | Value |
bex | 0.002| by | 0.0015
bax | 0.002| by, | 0.0015
Kex | 0.002| key | 0.0015
kex | 0.02 ky | 0.015

o | 1[m]

80



Fig. 6.6: Environment of the position control experiment.
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Fig. 6.7: Environment of the position control experiment.
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Fig. 6.9: Trajectory of the quadrotor on X-Z plane
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BT TCHENY T TETWDLZ E AR L. X6.108 L 1086.125 0, &I
REN L2285 IR A I HEMEMAITIZIR L TWD Z Ebnd. F72, X6.11k%
VEEEAZEL TR EBEH L TWDZ L LR TE %, AR.Drone~A 7]
REZ2 HESE 1322 2H OBLENS 201 [ms] IR ESN TS, X6.13%L0, il
TMASOfFNIAEL TE LT, Fi2, MEOEESZMET DL IITLELTND
TLUMHERTE S, UL, HPFIZES  HIEA ) 2 REEIE B AT N3 % =
L CHIRIRD 7 Uy Fa— 2 2 FE0OBESE THEUTX L Z L NEIFTEX .

6.5 F&H

ARETIE, HPRIZHESLS X 24 F X v 7 8fFetE 2 FEICEN 52 & 2 &
HEOE L, EEERZIT-o7-. BARRIZIX, ParrotthdBiZ% L 7= AR.DronelZ #4#
ENT-EBHIHRZIRETFIERCB T 59 0/ 2 v Z7HIEZBRONREE LTHRARL,
HPF DO AELIC S HIA T AL, 72Uy Fe—XOifEstro7-. 20k
X, SMBICRRE L= W A T 2O T EFRZIT, 7V Y Ra—X Oh % il
WL, EEEBROMERE, AR.DroneldZ# s K& < AT 2 &2 <AEEO BIELE
~BEIL, AESAMTICBOWTHERNY U717 2 & ARFAELT-.

86



AESLTIEX ) XA F Iy 7EMEREEZ 27 Uy Ra—X OfI#ENCEET 720
DFRICOWTRE L., £, WEADEETAEE CIEET 2Ry DR
EBMHFEINTEBY, Z07edlcuRy NOBBEPREE > TWNDH Z &2
WML, FTHLHERITe AR Yy M H- T —~ L THEBINLTWE Z EiIZoWN
Tk 7=, 20 LT, EEFRY 7R & 8 )P a0 72 oK A Bl & (CfiE < ek OB E
FHE & X R, 200K E RIS 2L 2 BIE LT/ 4 2 v 7 BifEet
W%z 27Uy Fa—2 O AW DRI OW TR, £, ZHEREEINT
WAHFX ) XA F I v ZEEFFEOFTEH HPFZ W= ) X A 5 2 v 7 @h{ER
ZRAWAZ LT, HIEENERENO EOMEICW TS HPFO AR 2 /R L C i
REICHIBIA D Z AR TE D 2 EIZ >V TR L 7=,

WIZ, HPRIZIES L HERD X 7 XA F 2 v 7 EEFHEI OBEIZ D\W\ Tl R % 72
b, BREHIERSRE U THEE LESAIC W TH 2%, £Z THuwWHh b HPE
¥EVERIEY 77, NADFs, 3 L0V J v By FHIBIOFEMIZOWTE L. F7=,
MATLAB ZHW/- il I 2 b —3 g % LT HPEOAREL L & & (2 Rh M)
77, NADFs, NADFs & 7 7 v v ZHlEl O AE D % Z i EHWTZ 32D
EERE i L. EEORES~DFEY I 2L —a v &#f7o7-& 2 %, NADFs
ERWESE, HMERE D2 AW IR THERHESRE2FHE T, £
7o, AITDOIEET HREEICHE W T H EEY 28T 720 il G4 BIEEALE £ T
FHEMRETHDH L EMER L. RS, 7o ZHlilZEA+ 52 & TH
BE RO BT R 2 IORsE6nd 2 & bR L.

U bEOFAOTT, XY FEHD2KTEMTOI Uy Ka—X Ol % 4E L
T, BROHIEEROILEZIT 72, 2O, BREHERTA7-00ERn ) I v 7
HAEA T & BB % & TeBEe O HPFE B R U2 AR &S < BT & 2 &Rk
THZELICEOF ) XA FT Iy 7EERIEAZFEBL LT, FF T, 7 Uy Rr—4 O
)R E 2 B RE LT, X-Hihoo [alfisEE) (1 —/v) & Y-8l RESES) (B F) ~0
ANNZHPEO y FABL & X FRAREZ ZNENINETHZ LT ¥4Iy
JEER ORI AN 23T 2 HiEERE L. 2, AFEZHWS Z L THE
B2 Uy Ra—2 ZEEYOFET HEENICE WD TELE O BEAE IR S
BEONDZEEZTRITY I a2l —va VI VHER L., 2oL, BAoHkE%
TolBa ERERICYZ Uy Ra—2 ORIV TS, HEHEHIB) ) % & ekl i g
FAW=854 X 0 & NADFs % & el fHigs &2 W 2856 O Bkl G4, L0 HER
< BERMME~FYEREECTH S Z LR SNz, FKRRZ, 7 7 7HiliE%

87



HAWD Z L TCHEARBEROA— "=V a— b E2WEl L, 7Yy Ru—4% B %
SARE RN T SELNDE 2 & bR LT,

L)L, ELEHEGICE ENDEED T A % FB) CiiE s b OIS
HZERBSREETIERY. TZTGAEZHAWVWTIZ Uy Ru—XORT7v 2 =
L— g BT A BB RELED D OfEZE, RATHEE, BIEREE O 3 > OFEHMN
HH 2SI OB ANIC L 0 A v OREbEI -T2, FOREE, GAIZL-
Tk Sniex 2 X4y 7EERBHO S A v &2 WA Z & ¢, Lol
7 iuE A LE L TCRITCEX AL IR bea v Ial—yay ECHRERL
7o, Flo, GAOFEEE L ITRRIBEEIZE WL, BREY A X071 R
ERELLERDIGEIZIIHPFEZ AR T 207 Y v KA X ET HHER D
HH00, FUERINTZTA L EHWTHESANEHERRETH D Z & D HER
T& .

FRETOF ) XA F 2 v 7 BERHEICE VT XY Ed EOBE DR
TELLTWERN, EREAZHEEL /Yy Fue—4 % 3R cHIICEESE S 72
W, 2WICFEHEICBWTER LEZHPFZ AW T 3R EZEMHP T/ Uy Ka—4 %
TEOHENE S CTHET L FlEZ 2ERE L. 15HIL, BEOBEE %
Ete XY, Y-Z, X-Z Wi EICFENENHPFZ AR L, WU w4 R L, bl
VEEZ THOWARNLBEI ST 5 F1E, 2o, MEROIEMEZ G X-Y, Y-Z,
X-Z i BICENENHPRZ B L2112, &A% Gk LT 3Wociie Afid %
AR LAWVWSFIETH -T2, ZNH2O00EFIETIV I 2L — g v ETEME
R ZITV, ELLDOFEEZHWESGEICE SWOLZERMICBWNWTZ Yy Ke—#
PIEEOHEMEE CHERRETHD I EDPMAETEZ. =72 L, HPFZUI V&%
XN OHWDFEIZHS, HPFZ A L THWAD FEDO TR LV 7 Uy Fu—
BN RANGFEAECH DL NV I ab—ra VI I VR TE -,

B2, HPRIZHE S X X4 F 2 v 7 @hfEdtli 2 B A T2 L 2 HIY
L, FERERREREREIT o2, BARAYIZIL, ParrotthdBA%E L 7= AR.DronelZ
BB ORBHIHERERETIEICB T 2R a /) I v ZHIEZROREER L LTh
721, HPFOABEEIZ S HIBA I 2L, HEEITo7-. BEEROREE,
PR TIEIC I NE AR.Droneld B8 % K& < T 2 & 7 <HEE O HELE A~ E)
L, BESMTIZEWCENRNY U7 2T25 2 ENERTE T2,

SBOEE L TL, £7, 77Uy Fue—X | IREBAOTOD I A 700
Ao o AL, BRI CREEREZEGT 2 2 & THRIKOFEMFIZY 7L
S A LTHPFEARK L7 6 ILEHN SREMA2BEI CE 5 X127 5 2 030
Fond. Wiz, BREEY~OMARH T oD, ZHUZOW I TG
92) 2 TR EfEEY OB E) T 484 HPFICHL AT, 2 & TRHULATRETH 5 & E 2
HND. Fl2, ARICBWTIRE L2 SIEMRFERIE XY BHICHEEKD /2 A
L= BE& EBLT 5=, SRFEE A 3WoTITHLik L 3WIcZERIC BT 518
DN ARREEKRT D2 &, FRIFRESKZ 3RO Y vy RTHEIL, &7
Uy RIZBIT 2 3WITOARRZAKFIZEBWTIRE LZARAG KR FEZ AT T

88



AR L TR ZEREREALND. FIZ, ARIUTBWTRE L7 & 5 2@
FEAZ 7 Uy Ra—ZZX5 (e xR ED) A 7 T f~S AT 5B
BGY A R CORMBER (BAMEL, SREEOZER, FHFiTEDRE & FEREOHE
AR EYVICH LT a AR FARBEHEEOERPMBETHH L EXLND.

89



i

AWFEDOFTORI2 BT, FaSlER, FaRE, FBROWEI —T 177 E
R & 72 B8 & £ U CHRAAIEN L B Y) 72 5 THRE, ZTHiREAIG 0 £ LzRILK
FRTFPE AR EAF SR E AR L R OB BRI, DX VAR L
FFET

PRI L Y THEWEE, KX ORI&ELZ 2L D TTFI o7 HARE Y
WFGCELE RN AL TR O RIRGERSR & TfE P RBE IR B##W - LE T

MAEERBYVLD I —T 4 7O 2 B L T TERIHEEEZHV L
B RE AT Ze R E RN AR T I ORI LR — AN, SRR e AN 2 15
HIZHTz>TEL O XTI £ Uiz BARRH R TR R E AR TR D kI
FEBEICEG I W LET. 61T, FHFFRE VRO Z1RE, Z3X3E%215Y
F L7z BRBHRTZE Bl PE 2 AIRE T2 D e A 5 I = L E .

RWFZERIE T, RO R SER E L2 IGIC b=V EE & 5 ZHE %2 1
D F LI NEEEIRR, eSS THI I R> THEL T RS-z
MHFERRICEHE L 7. o, R EOZTICHTVZ R NTTAE TS o7
KNI, EREBRICBNTIB I TS oA BN KIZOL X0 B L £

BRIC6EREWVWIEWVRE], LB IL, XX TFEs- AT ha=r AT X
T NP EO N, [FE, BEOHLL S VITEHBELET. RYIZHV1nE D
T WEL.

90



T 8A N—FE=vIRToOI¥IL
J4—I)LF

2 ODFEEEL X, Yy DEBEEL wW(X,y) 23 5 fEik Q N T 2D LIRS LN 2RO
RERE AL, UTOX IR 2kDT7 77 25K

il L&, BE WX Y) 1T Q IR W T TH S LWy, wx,y) Z i
(N—F=v 7)) B MES. FBIEICIZIBL T O X 5 M E RN H 5.

o MR 1 FHFNBIEL w(X, y) 23GEIE Q NIZEB W TESEIE TR WS, wx y) IX
QN THRKRME S /MBS ELS 720

o WE2: 77T ALK aw(x,y) = 072, BERS LT L = 0% &,
FHIE Q NOETORIZBWTwW(X,Y) =const 72 5.

IN—F= Yy JRT V¥ IVT 4 —v K (HPF) Z W 2R S Rt i/ N & HEbR T &
L2 ThD. LTI 25 L LT, $llHxEo7kFEY BN E L2 HPFD
ERRIZ DWW CEEM 2~ 5

Al HIENEDFEZBHE LI-HPFERDOBEE

HPF DAL 2 I THIMEIRT S 23584 2 Fik L L TE, Sk agChilfEx 5z 2
ESHETLWABMEICRBIT 2R T 3/‘\/’?/1/75_’%/]‘1@5\—&%'?‘5 Z LT, RS
ERT T VDOEWLEN DIERWLESNRNL O X O IZHEET L2 E08ERH
b, £ZT, HPRIZB T 2k KIER L O R/MEZ ERT D2 0E R H 5. FiFE
BIZRWTIE, BEEDEQ OFER BICBW TR R E 23 k/IMEZ & 0, fERQ
DWEBICB W TR R R E T2 i3R/MEZ & 5 2 i3y, Ko TRfiEz
MWD Z & THONRHPFEZ AR T D5 Z LN AREL 72D,

2WILHEIk Q c R2 A2 ZZ D0, 777 AFRRILTOLIIThD.

Py P _

e + — c?yz (A.2)

91



pBN—F=y 7K THY, T7T7AHRK(A2) 2T T 5L, BEkelX
BROQ Cc QIZBWTORERKEITR/IMEZFFD. Z ORI, KX 0HE
IZBWTEREEIZBIT 2 FEEY OHER° HIFAE DR 2 O THRASM L EERT
5 ECIEEIHERTHS.

Wiz, R LIZHPRIZT U 7 VAL (B D5 Q OB 00 128\ T, &iEL
TAEBEOM & 72 DB & RO D) OLLTF OERRM 2579

¢|6O =C ¢|goal =0 (A3)

=720, clIEHTHY, Lo TIE, ¢ BNHEEEQICBWTATOREEY DR
(00) T ARMEZ R D, BIEALE (goal) TR/ MEZFF> L H) IR ESND Z L &£
LTW5. ZOFRMTHPRFEARK LSS, A7 v ¥ v VIZHEMEIZBWTO
BN D,

A2 ERZERMZEEL-HPFOAERK

FZEMZAE LT 2%t (R?) ODHPFZ AR T 256452 5. £7, ZEME—
VA RO Y v RTRUIYD, ZHTNDTY v ROFEERE (%, y) ([ZBTH5HRT
X VDR (%,Y) ETH. ZDEE, FKT RSB DR TR O U
BRDD. ¢ O RSO HOHRES (NI LTn+1E n-1LORTESYS
BEBHFE) ORI, T4 7 —BEMAEZANTUTOL I ICEHTE S,

PP(%, i) (%1, Yi) = 200X, ;) + d(%i-1.Y;)

e h2 (A4)
2 O\ o\ _ O\ v/
0 ¢§;|2’ yj) o (X, Yj+1) 2¢(::|2’ Yj) + 6(%, Yj-1) (A5)

7220, hidx, yhmomszintld 2720027 v 7Y A X (B/VHOH#EE) T
b5, XNAL)BIOAL) OREFRAEH NS Z D
2 2

(T O sy 00041 (Y1) 4005 Y1-1)-46(%.3)
()

5. DL X ¢(x.y,) BRI CHBHA, oY) HA (A2) LB BT

T AR &N T 72, F(A6) DEIDIT0 LD, ¢(%,Y) IZLLTFD X HIZE

HTE5%:

806.9) = 7 (06,1, ) + 0061 Y) + 006 Y1) +006Y ) (AT)

X, ROGY)IEBT A NN—Ft=y 7B ¢ DENZED T v ROFEHFRICE
T ¢ DIEOEE b L aRT. IEHo72BIEKIET HZ £I2X Y HPF
ITEREND. 20L&, HPRIZB W TUIIE TOEEMDOERIZB N T o —
VIR KEZ, AREAEICBW T a— ik MEE R, HPFO AR %
WD Z & THIEXI SR Z BNV EIZHEET 22 R8s 5.

92



2% 3k

(1) MEEERZE, H— A R MR O R, ERE M AE i o
FHACTH A 4 54, (2005).

(2) iROBOT, “Roomba 800,” httgfwww.irobot-jp.comiroomba800series ([ H
201441 H 9 A)

(3) SoftBank, “Pepper,” httgwww.softbank.jprobofproducts (=& H 20144 1
H9HR)

(4) Y. Sakagami, R. Watanabe, C. Aoyama, S. Matsunaga, N. Higaki, and K. Fu-
jimura, “The intelligent ASIMO: System overview and integratioRfoc. of
IEEE/RSJ Int. Conf. on Intelligent Robots and Systems (IRUS) 3 (2002),
pp. 2478-2483.

(5) Y. Nakamura and R. Mukherjee, “Nonholonomic path planning of space robots
via a bidirectional approachlEEE Trans. on Robotics and Automatjorol. 7,
No. 4 (1991), pp. 500-514.

(6) J. C. Latombe, “Motion planning: A journey of robots, molecules, digital actors,
and other artifacts,Int. J. of Robotics Researcivol. 18, No. 11 (1999), pp.
1119-1128.

(7) J. Miura and Y. Hirai, “Vision and motion planning for a mobile robot under
uncertainty,’Int. J. of Robotics Researckol. 16, No. 6 (1997), pp. 806—825.

(8) H. Choset and K. Nagatani, “Topological Simultaneous Localization and Map-
ping (SLAM),” IEEE Trans. on Robotics and Automatjofol.17, No. 2 (2001),
pp.125-137.

(9) S. Kagami and S. Thompson=#& &) o &b 72 8 DO B9 2 (L[R2,
HUBVERK, RS FHE], AREEHIE S 27 &) HARB Ry NP FGERS TRRE,
\ol. 24, (2006), pp. 1E13.

(10) M. Bennewitz, W. Burgard, G. Cielniak, and S. Thrun, “Learning motion patterns
of people for compliant robot motioniht. J. of Robotics Researchkiol. 24, No.
1 (2005), pp. 31-48.

93



(11) F. Dave, K. Nidhi, and S. Anthony, “Replanning with RRTBjoc. of Int. Conf.
on Robotics and Automation (ICRA2006), pp. 1243-1248.

(12) T. Rennekamp, K. Homeier, and T. Kroger, “Distributed sensing and prediction
of obstacle motions for unknown moving obstacléac. of IEEE Int. Conf. on
Intelligent Robots and Systems (IRO@P06), pp.4833-4838.

(13) E. Frazzoli, MA. Dahleh, and E. Feron, “Real-time motion planning for agile
autonomous vehiclesJ. of Guidance Control and Dynamic¥ol. 25, No. 1
(2002), pp. 116-129.

(14) B. Donald, P. Xavier, J. Canny, and J. Reif, “Kinodynamic motion plannidg,”
of the ACM Vol. 40, No. 5 (1993), pp. 1048-1066.

(15) S. M. LaValle and J. J. Kitiner, “Randomized kinodynamic planningdgit. J. of
Robotics Resear¢chol. 20, No. 5 (2001), pp. 378-400.

(16) Q. Pham, S. Caron, and Y. Nakamura, “Kinodynamic planning in the configura-
tion space via admissible velocity propagatidaroc. of Robotics: Science and
Systems(2013).

(17) E. Rimon and D. Koditschek, “Exact robot navigation using artificial potential
functions,” IEEE Trans. on Robotics and Automatjorol. 8, No. 5 (1992), pp.
501-518.

(18) J. Peng and S. Akella, “Coordinating multiple robots with kinodynamic con-
straints along specified path#;t. J. of Robotics Researckol. 24, No. 4 (2005),
pp. 295-310.

(19) B fdee, “ B B A AMTZEH UAV - MAV OFFZERIR O BLIR & e
AR & 5 SCEE. CH, Vol. 72, No. 721 (2006), pp. 2697—2705.

(20) R.W. Beard, T. W. McLain, M. A. Goodrich, and E. P. Anderson, “Coordi-
nated target assignment and intercept for unmanned air vehiti#sEZ Trans.
on Robotics and Automatipkl. 18, No. 6 (2002), pp. 911-922.

(21) =JHEE, SnATRIE, FEIVE —, /NP SRy, i 72z, H EEA, RFETHEZMA, 0,
ORI NI ZER A PO T SOERFIERR R S R 7 A OB, 1R Rl E
SRS KA TRIHAR I, (2013), pp. “SS-69"—"SS-70.”

(22) YAMAHA, “@SHEREEHEA~Y 27 % — RMAX TypellG,”
httpy/global.yamaha-motor.cqfp/newg20020925sky.html & H 2014
F1H9H)

94



(23) NORTHROP GRUMMAN, “RQ-4 Global Hawk,”
httpy//www.northropgrumman.cof@apabilitiegRQ4Block10GlobalHawk
Pagegefault.aspxZ i H 201441 H 9 A)

(24) FESTO, “SmartBird,”
httpy//www.festo.corynefSupportPortaFileg§4627QFestaSmartBirden.pdf,
(ZHH 201441 H 9 H)

(25) FESTO, “BionicOpter,”
httpy//www.festo.corneySupportPortaFile§248133FestaBionicOpteren.pdf,
(ZHH 201441 H 9 H)

(26) HrH 5z, B AR, AR, MiH—L, “BERITe Ry hEHWEENT
B = a YU AT N IR SRS RS EC, o X T A A b=
VB a—F 47, (2005), pp. 7-14.

(27) B, UNVIFATER 2 AR > )
httpy//www.secom.co.jfkodomgl/20140707.htmI&# H 2014421 H 9 H)

(28) 1. Kroo, M. Shants, P. Kunz, G. Fay, S. Cheng, T. Fabian, and C. Partridge, “The
mesicopter: A miniature rotorcraft concepEhase 2 interim reportStanford
University, USA, 2000.

(29) W. Wang, G. Song, K. Nonami, M. Hirata, and O. Miyazawa, “Autonomous
control for micro-flying robot and small wireless helicopter x.rirdc. of IEEE
Int. Conf. on Intelligent Robots (IROS2006), pp. 2906—2911.

(30) 1M ==1h, 22 ShBR, OHPF Bk, N B, S5 i OFATIR 1 AR > b O#FSE
—HEYEY) L OB A [ELEE D I O W T 03—, B AR v R T
7 ARAT ha =7 AGEiES R SCE, No. 14-2, pp. 2A1-B02(1)-2A1-B02(4),
2014.

(31) KBy sk, PriNse 3, KEFFOAN, HATE, “~ /v F 2 7 X2 Wi ERAED
BAT,) BRI 2 u R T 4 7 A A b a =7 AGEHS R SCE, No. 14-2
(2014), pp. 2A1-GO1(1)-2A1-GO1(4).

(32) E, Altug, JP. Ostrowski, and C. J. Taylor, “Control of a quadrotor helicopter using
dual camera visual feedbackiit. J. of Robotics Researckiol. 24, No. 5 (2005),
pp. 329-341.

(33) S. Bouabdallah, P. Murrieri, and R. Siegwart, “Towards autonomous indoormicro
VTOL,” Int. J. of Autonomous Robotgol. 18, No. 2 (2005), pp.171-183

95



(34) S. Bouabdallah and R. Siegwart, “Backstepping and sliding-mode techniques ap-
plied to an indoor micro quadrotof?roc. of Int. Conf. on Robotics and Automa-
tion (ICRA)(2005), pp. 2247-2252.

(35) S. Grzonka, S. Bouabdallah, G. Grisetti, W. Burgard, R. Siegwart, “Towards a
fully autonomous indoor helicopter?roc. of IEEERSJ Int. Conf. on Intelligent
Robots and Systems (IRQS8Yorkshop on Visual guidance systems for small
autonomous aerial vehicles, (2008).

(36) S AKER, REFZLA, faehle, TREIA], R HE ) ROHE, ke —, B EE
—, AR, B, fEOM—, /N BRI Te Ry FEHWRERICE
I B IEHIIE S A T AOMEE” HARR » k343 Vol. 26, No. 6 (2008), pp.
553-560.

(37) FrH s, BEALRSL, AR, MiH—0L, AN A 2T 72 a U &2IT O
TaRy N IHFROAEESHME. EC, 2 2T AV AV ha vy Ba—T7 ¢
> 7, (2005), pp. 31-36.

(38) FELUFEE, RiGmE, ‘v — 4 —HAITE AR v N OFEHHEIZOWT X4 7T
A¥Y—D 4500 —%—FENIHENN?,) FIRIAT AL T 7L — g
> ERFH R = 34, (2006), pp. 820-821.

(39) N. Guenard, T.Hamel, and R. Mahony, “A practical visual servo control for an
unmanned aerial vehiclelEEE Trans. on Roboti¢s/ol. 24, No. 2 (2008), pp.
331-340.

(40) A. Tayebi and S. McGilvray, “Attitude stabilization of a VTOL quadrotor air-
craft,” IEEE Trans. on Control Systems Technologgl. 14, No. 3 (2006), pp.
562-571.

(41) E. Altug, J. P. Ostrowski, and R. Mahony, “Control of a quadrotor helicopter
using visual feedbackpProc. of Int. Conf. on Robotics and Automation (ICRA)
Vol. 1 (2002), pp. 72-77.

(42) H. Boudjedir, O. Bouhali, N. Rizoug, “Adaptive neural network control based on
neural observer for quadrotor unmanned aerial vehiéldyanced Roboti¢c¥/0l.
28, No. 17 (2014), pp. 1151-1164.

(43) G. M. Hoffmann, H. Huang, S. L. Waslander, C. J. Tomlin, “Quadrotor helicopter
flight dynamics and control: Theory and experimeRdc. of the AIAA Guid-
ance, Navigation, and Control Con2007).

(44) Amazon, “Amazon Prime Air,”
http;y/www.amazon.corb?node-8037720011 & H 201441 A 9 H)

96



(45) Parrot, “AR.Drone 2.0,” httgfardrone2.parrot.confz: 2 H 201441 H 9 H)

(46) S. Bouabdallah, P. Murrieri, and R. Siegwart, “Design and control of an indoor
micro quadrotor,”ITEEE Robotics and Automation Magazjnél. 5 (2004), pp.
4393-4398.

(47) Y. Bouktir, M. Haddad, and T. Chettibi, “Trajectory planning for a quadrotor he-
licopter,” Proc. of 16th Mediterranean Conf. on Control and Automati@®08),
pp. 1258-1263.

(48) Y. Suh, “Robust control of a quad-rotor aerial vehiclaf. J. of Applied Electro-
magnetics and Mechanicsol. 18 (2003), pp. 103-114.

(49) S. Bouabdalah and R. Siegwart, “Full control of a quadrotergc. of IEEERSJ
Int. Conf. on Intelligent Robots and Systems (IR@X)07), pp. 153—-158.

(50) D. Hsu, R. Kindel, J. C. Latombe, and S. Rock, “Randomized kinodynamic mo-
tion planning with moving obstaclediit. J. of Robotics Researchol. 21, No.
3(2002), pp. 233-255.

(51) M. Elbanhawi and M. Simic, “Sampling-based robot motion planning: A review,”
Int. J. of IEEE Access/ol. 2 (2014), pp. 56-77.

(52) T. Kunz and M. Stilman. “Kinodynamic RRTs with fixed time step and best-
input extension are not probabilistically completetoc. of Int. Workshop on the
Algorithmic Foundations of Robotic€014).

(53) T. Kunz and M. Stilman, “Probabilistically complete kinodynamic planning for
robot manipulators with acceleration limitfroc. of IEEERSJ Int.| Conf. on
Intelligent Robots and Systems (IRO&P14), pp. 3713-37109.

(54) S. Karaman and E. Frazzoli, “Optimal kinodynamic motion planning using incre-
mental sampling-based methodBjbc. of IEEE Conf. on Decision and Control
(CDC), (2010), pp. 7681—-7687.

(55) J. Peng and S. Akella, “Coordinating multiple robots with kinodynamic con-
straints along specified pathgiit. J. of Robotics Researchl. 24 (2005), pp.
295-310.

(56) C. I. Connolly, J. B. Burns, and R. Weiss, “Path planning using Laplace’s equa-
tion,” Proc. of IEEE Int. Conf. Robotics and Automation (ICR&)990), pp.
2102-2106.

97



(57) I. Tarassenko and A. Blake, “Analogue computation of collision-free paths,”
Proc. of IEEE Int. Conf. Robotics and Automation (ICRAP91), pp. 540-545.

(58) S. Akishita, S. Kawamura, and K. Hayashi, “New navigation function utilizing
hydrodynamic potential for mobile robot?roc. of IEEE Int. Workshop Intelli-
gent Motion Contral(1990), pp.413-417.

(59) R. Daily and D. M. Bevly, “Harmonic potential field path planning for high speed
vehicles,”Proc. of American Control Conf(2008), pp. 4609-4614.

(60) C. I. Connaolly, J. B. Burns, R. Weiss, “Path planning using Laplace’s equation,”
Proc. on IEEE Int. Conf. Robotics and Automation (ICR¥9I. 3 (1990), pp.
2102-2106.

(61) J. Rosell and P. Iniguez, “Path planning using Harmonic functions and proba-
bilistic cell decomposition,Proc. on IEEE Int. Conf. Robotics and Automation
(ICRA), (2005), pp. 1803-1808.

(62) K. Sato, “Collision avoidance in multi-dimensional space using laplace poten-
tial,” Proc. of 15th Conf. Robotics Society Jap&l987), pp. 155-156.

(63) K. Sato, “Deadlock-free motion planning using the laplace potential fiéld;”
vanced Roboti¢s/ol. 7, No. 5 (1992), pp. 449-461.

(64) C. Connolly, R. Weiss, and J. Burns, “Path planning using laplace equation,”
Proc. of IEEE Int. Conf. Robotics and Automation (IRO&P90), pp. 2102—
2106.

(65) E. Prassler, “Electrical networks and a connectionist approach to pathfinding,”
Connectionism in Perspectivie. Pfeifer, Z. Schreter, F. Fogelman, and L. Steels,
Eds. The Netherlands: Elsevier, North-Holland, (1989), pp. 421-428.

(66) I. Tarassenko and A. Blake, “Analogue computation of collision-free paths,”
Proc. of IEEE Int. Conf. Robotics and Automation (IRQ&991), pp. 540-545.

(67) J. Decuyper and D. Keymeulen, “A reactive robot navigation system based on a
fluid dynamics metaphorProc. of Parallel Problem Solving from Nature, First
WorkshopH. Schwefel and R. Hartmanis, Eds. Dortmund, Germany, (1990), pp.
356-362.

(68) S. Akishita, S. Kawamura, and K. Hayashi, “New navigation function utilizing
hydrodynamic potential for mobile robot?roc. of IEEE Int. Workshop Intelli-
gent Motion Contrgl(1990), pp. 413-417.

98



(69) J. Guldner and V. I. Utkin, “Sliding mode control for an obstacle avoidance strat-
egy based on an harmonic potential fieldfoc. of IEEE Conf. on Decision and
Control, Vol. 1 (1993), pp. 424-429.

(70) V. Jan, “Navigation of mobile robots using potential fields and computational
intelligence meansActa Polytechnica Hungariga/ol. 4, No. 1 (2007), pp. 63—
74.

(71) A. Masoud, “An informationally-open, organizationally-closed control structure
for navigating a robot in an unknown, stationary environmepngc. of IEEE Int.
Symp. Intelligent Contrq2003), pp. 614-619.

(72) A. Masoud and S. Masoud, “A self-organizing, hybrid, PDE-ODE structure for
motion control in informationally-deprived situation®toc. of 37th IEEE Conf.
Decision and Contrgl(1998), pp. 2535-2540.

(73) A. Masoud and S. Masoud, “Evolutionary action maps for navigating a robot in
an unknown, multidimensional, stationary environment, Part II: Implementation
and results,Proc. of 1997 IEEE Int. Conf. Robotics and Automati(®97), pp.
2090-2096.

(74) A. Masoud, S. Masoud, and M. Bayoumi, “Robot navigation using a pressure
generated mechanical stress field, the biharmonic potential appré&ol,” of
1994 IEEE Int. Conf. Robotics and Automation (ICRAP94), pp. 124-129.

(75) S. A. Masoud and A. A. Masoud, “Motion planning in the presence of directional
and obstacle avoidance constraints using nonlinear anisotropic, Harmonic poten-
tial fields: A physical metaphorfEEE Trans. on Systems, Ma,Cybernetics,

Part A: systems and humanél. 32, No. 6 (2002), pp. 705-723.

(76) A. Masoud, “Agile, steady response of inertial, constrained holonomic robots us-
ing nonlinear, anisotropic dampening force2tdc. of 45th IEEE Conf. Decision
and Contro] (2006), pp. 6167-6172.

(77) A. Masoud, “Kinodynamic motion planningJEEE Robotics and Automation
Magazine Vol. 17, No. 1 (2010), pp. 85-99.

(78) Y. Bouktir, M. Haddad, and T. Chettibi, “Trajectory planning for a quadrotor
helicopter,” Proc. of Mediterranean Conf. on Control and Automati¢2008),
pp. 1258-1263.

(79) K. Watanabe, K. Tanaka, K. Izumi, K. Okamura, and R. Syam, “Discontinuous
control and backstepping method for the underactuated control of VTOL aerial

99



robots with four rotors,’Proc. of Int. Conf. on Intelligent Unmanned Systems
(ICIUS), (2007), pp. 224-231.

(80) L. Davisf, sn5x6 5, #5111 HEw, @B, = EEI5, I EEk, SRR R,
BIRT LY RhoNy BTy 7 7 (1994), ZRAEHIAR.

(81) BHEEFA K, “WIBHI T L = ) X 1" (2002), 1% 2 HiA.

(82) = EER, L% —, EE/A, &G, “Br7 /I U XA Ll diaEs
(1998).

(83) LM, PEIAEE, KHAFHE, “ A T &2 W= ENA 3R IehLE 2 A
T LOBFE” F 1ARIFHN A ESEEE AT A T T L— 3 VEPTRE
12, (2013), pp. 1060—1063.

(84) K. Watanabe, Y. Yamada, and I. Nagai, “The development of a 3D position mea-
surement system for indoor aerial roboBroc. of 2014 14th Int. Conf. on Con-
trol, Automation and Systems (ICCAS 2Q%2p14), pp.1185-1190.

(85) HEILEEE:, LA, KHHOHE, “BNARITE AR Y F D7D 3 RITALEFHA
VAT LD F24MA T VY2 b s VAT A R Y T A (FAN
‘14), s SR, (2014), pp. 56-61.

(86) P. Bristeau, F. Callou, D. Vissiere, and N. Petit, “The navigation and control tech-
nology inside the AR.Drone micro UAVPreprint of 18th IFAC World Congress
(2011), pp. 1477-1484.

(87) T, wATIS 2, FNHER, “AT LA AT D04—7 > D 3WIT
ArE ) B S S (2007), pp. 65—70.

(88) miARI L, A, “E/XA L HDD T A7 LA ~DRINREAT LA S
AT EWTARERA VT 4 7 OB Mg AT ¢ TR E, Vol.
32, No. 27 (2008), pp. 37-40.

(89) Z. Zhang, “A Flexible New Technique for Camera CalibratidisEE Trans. on
Pattern Analysis and Machine Intelligencéol. 22, No. 21 (2000), pp. 1330-
1334.

(90) KM, AIHHE, M “XF LA B AT EZHANEZRAL T 4 2 TF N
A ADBARE— NZELIED 5 B HEEE - BAEM TS eRT 7 X -
AJ bk a =7 AR CHE, (2005), pp. 1AL- N- -056(1)—(4).

(91) J. Pestana Puerta, J. L. Sanchez-Lopez, |. Mellado Bataller, C. Fu, and P. Campoy
Cervera, “AR drone identification and navigation control at CVG-UPRtfc.
of CEA XXXIII Jornadas de Automatica 2012

100



(92) N. Pradhan, T. Burg, S. Birchfield, and U. Hasirci, “Indoor navigation for mobile
robots using predictive fieldsProc. of American Control Conf. (ACC(2013),
pp. 3237-3241.

(93) M. Kalavsky and Z. Ferkova “Harmonic potential field method for path planning
of mobile robot,”Proc. of Conf. of Informatics and Management Scisnpes
41-46.

101



N

EiE

1.

2.

am X (2 B9 & FE R X

A 3L

K. Motonaka, K. Watanabe, S. Maeyama, “Kinodynamic motion planning for an
X4-Flyer using a 2-dimentional harmonic potential fielthternational Journal
on Smart Material and Mechatronic¥ol. 1, No. 1 (2014), pp. 16-19.

K. Motonaka, K. Watanabe, S. Maeyama,fliide gain optimization in kinody-
namic motion planning based on a harmonic potential fieddtificial Life and
Robotics Vol. 19, No. 1 (2014), pp. 47-54.

EfR =

1.

K. Watanabe, T. Goto, K. Motonaka, S. Maeyama, and |. Nagai, “An error model
of chained form with two inputs for a generalized stabilization probldtngt. of

Joint 7th International Conference on Soft Computing and Intelligent Systems and
15th International Symposium on Advanced Intelligent Systems (SCHES)
Fukuoka, Japan, Dec. 2014.

K. Motonaka, K. Watanabe, and S. Maeyama, “3-Dimensional kinodynamic mo-
tion planning for an X4-Flyer using 2-dimensional harmonic potential fields,”
Proc. of Int. Conf. on Control, Automation and Systems (ICCAS) 1181—
1184, Korea, Oct. 2014.

. K. Motonaka, K. Watanabe, and S.Maeyama, “Kinodynamic motion planning for

an X4-Flyer by switching harmonic potential field®foc. of Int. Conf. on Smart
Material and Mechatronics (ISSMMMakassar, Indonesia, Sep. 2014.

. K. Motonaka, K. Watanabe, and S.Maeyama, “Kinodynamic motion planning and

control in a 3-dimensional space based on a 2-dimentional harmonic potential
field,” Proc. of SICE Annual Conference, Hokkaigwp. 744-747, Hokkaido,
Japan, Sep. 2014

K. Motonaka, K. Watanabe, and S.Maeyama, “Motion planning of a uav using
a kinodynamic motion planning method?roc. of Annual Conf. of the IEEE
Industrial Electronics Society (IECONpp. 6381-6385, Vienna, Austria, Nov.
2013.

102



6. K. Motonaka, K. Watanabe, and S.Maeyama, “Kinodynamic motion planning and
control for an x4-flyer using anisotropic damping forcé3idc. of Int. Conf. on
Intelligent Robots and Systems (IRQ%). 4407-4412, Tokyo, Japan, Nov. 2013.

7. K. Motonaka, K. Watanabe, and S.Maeyamafili@e optimization of gains for
kinodynamic motion planning for X4-FlyerProc. of SICE Annual Conference
pp. 2727-2731, Nagoya, Japan, Sep. 2013.

8. K. Motonaka, S.Maeyama, and K. Watanabeffli@e optimization of gains for
kinodynamic motion planning,Proc. of Int. Conf. on Electrical Control and
Computer Engineering (INECCE)p. 310-315, Kuantan, Malaysia, Aug. 2013.

9. K. Motonaka, K. Watanabe, and S.Maeyama, “Kinodynamic motion planning and
control using anisotropic damping force®foc. of Int. Symp. on Atrtificial Life
and Roboticspp. 57-60, Daejeon, Korea, Jan. 2013.

EROEHEK

1. AR, EORES, AilrfE—, “ 2 koo HPFA VW72 X4-Flyer D3/ 2 A
;2w 7 EEGHET, 532 AR R v MERFIGEES, &, 201449
H

2. KAPE T, FENEEE, BILRE—, “X4-Flyer O7=9bD ¥ ) XA F 3 v 7 @hfE
FHENCE T D GA W=7 A i b, & 14REH B Bl FEs s 27
IA T T —a USRS, f#, 2013412 A

3. KfpEF, WS, Ailftt—, “¥F /15y 7EEFHE O X4-Flyer ~
DM, H31EAATR Y FEREAEEES, W, 201349 A

103



