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ABSTRACT

In this research, the autonomous navigation and obstacle avoidance in outdoor environments
are developed and designed for a four-wheel electrical ATV by combining occupancy-grid map,
potential field technique and local incremental planning method. This four-wheel ATV is equipped
with GPS, IMU, and laser range finder sensors for measuring car position, heading angle, and
identifying obstacles, respectively.

The experiments can be separated into 3 parts. The first part of experiments is to test an
obstacle detection system using an occupancy-grid map technique. The second part of experiments is to
test an obstacle avoidance algorithm both in MATLAB simulation and in the field-test experiment. In
the last experiment, the kalman filter is used for integrating GPS with accelerometer to yield an
improved position of the car’s navigation system.

For the outdoor-environment experiment, the result is comprised of 1) this car robot can
detect and identify the obstacle position in the global coordinate system correctly at a distance 8 and 10
meter, 2) this car robot can detect obstacle, avoid stationary obstacle, and navigate to the desire target
waypoints correctly using the proposed global occupancy map and 3) a distance from sensor fusion
using kalman filter technique for a straight-line motion of 20-meter back-and-forth is better than that of

raw GPS data.

Keywords: obstacle avoidance, occupancy-grid map, potential field, local incremental planning,

car robot, kalman filter

“4)



=\ =)
Ananssndszma

o

a a o Y] dy 0o < Y Y 1 @ A v
'JVIEJ']HWH‘ﬁﬂUUuﬁHﬁ%ulﬂﬂ'Jﬁlﬂ'J'lﬂJliJﬂﬁ']ﬂgﬂﬂﬂfﬂQQ\?%'lﬂ ﬂﬁ.ﬂﬁ‘]fmu'l wsuisasya
s v Aa a 4 Aa o 4 4 o £ a a J
mmﬁﬂwﬂ?ﬂymammmwuﬁ AT.NNAU ﬂﬁWIiJVIEJ AT.NYADNA IUNDI NITUNTADUINYIUNUS

a a 9 a @ = 1 = Ay vq Yo o Y
Hag IA.A5.NYNY WIUYNA ﬁﬂi\iﬂﬂl}%‘mﬂﬁﬂ'I‘IJHL‘VIﬂIuIﬁfJLLﬁQLfJLGD'EJ m'lﬂﬁlﬁmuuzumazclw

Y
v

9 ' A £y Y} ' ' A ya a 2 Aa '
11ﬁﬂ‘]el']Gla’f)ﬂ%uiﬁﬂ’ﬂﬂ%”lﬂma@uﬂq‘lﬁl@‘]Jﬂ“l/‘li’é]\iﬁNG]LWﬂﬂlﬁ’JﬂEJWHWH‘E%UUuiJﬂ’JWNﬁiJD“Sm

[

fl
o ga I ] Y dysi
BN M'J%EJGU@ﬂﬁTU"’U?J’UWi%ﬂﬂl!‘]JU?JEJNQQll'J U I@ﬂ']ﬁuﬂ'lﬂ

v =3

a o a 4 a
ﬂl@ﬂl@ﬂﬂﬂ!ll‘ﬂTJ‘ﬂfJ1ﬁﬂlﬂﬂiuia?ﬁﬂm\‘]ﬂa‘ﬁﬂlﬂ AUSIAINTTUAITATNDAIUNIAIV

o
k4

- A A4 g v oAy v X & ¢ A A A o
'Jﬁi]ﬂijlllﬂi@\iﬂﬁL!aguﬂﬁTﬂiﬂLﬂﬂ]m@ﬂnﬂﬂ']uw]‘lﬂlﬂﬂl‘wa@ﬂﬂjm Lﬂi@\?ll@uagﬁﬂ1u7lglurl'ﬁ1/n

Q

[

a v g ' A ¥ ) Ay v
'Ji]ﬂWi’O‘JJ‘ﬂ\‘Iﬂ'N?JGIS’JfJLWﬁ’E]Gl,‘LWia'lfJG]@'lui')iﬁﬂﬂﬂ]@llﬁﬂllﬂ

U

[

Y a R o P

VAT ION15919099 90152 Terasaiiilu
[ A ° 9 o o & 1 vy

pg U ldansohaudiGagais ) Iaaed

9 dyalw o A a 4 a Qd‘ 9 d'

FAMBUAIATIINNUNUTYBNIIVUDUNIZAY TAT WI13AT YIANUBY LazaUY NNAY

A Y [ o [ = [ = a Y] a a
Aldanuinuazimaslalumsaniszaudigaln denssumaasumivuga a19139)

FINTIUAIOINA

)



Y
i
UNMAATDNVH YN oo e oo (3)
UNAATONTHIDINNH ..o eeeee e eeee e eeeeeseeeseeeeeeeeeseeeeeeseeseeeseeeeeeeeee 4)
PAIANIT THL TER I oo e e e e e s s e e s s s s s e e s s e e ssees e s s s s s saee s (5)
TIYTU e (6)
TITTUTURTT I ettt ettt ettt ettt ettt ettt (®)
AVTURTU s 9)
TITITE L DT oo e e e e e e e e e 17
o 2 li‘ Li' 0o A w
L1 ANy Aoz NI M IR oo 17
[ 4
1.2 309U ZAIAUDITATINGG ovvoveee s 20
1.3 @UUATIUNTTIVY oo eseseess e ss e ss s s sssessesssssssnsanns 21
14 UDUIUAUDINTITIVY cvrerrrrereeresressesessesessesssesseesessessesessessesessessesessesessessesessessesessesessssees 21
1.5 T T AN IDE LA oo 21
2 add gy
VNN 2 NQURTINOIUDL .o 23
2.1 HUUTIADINMIIVAUATHATUBITD oo ee e e e e s e e 23
R R EIIGRE sOINWZ X [N\ 70 » = 25
2.3 INAUANITATIVAOUTINAUII 1.veveeieeeeereseeeeoee e seesseseseeseseessseseesesses e ses e sseseess s 32
2.4 INATIAAUINANG (Potential FIeId) . .o.rmmeoeesesseoosssiosseeeesessseseesesssseesesesesseesssesssssees 39
2.5 DYIARUTID .\ AN TS AN A o D3 v eveeesssvansesssnesessssanesssnenes 44
2.6 maiamsauduInasuuummz (Local Incremental Planning) .........ee.eeeeeennn. 45
2.7 AINT IR TN 2D A 227 AN M evereresssssessasasssssssessasssssssnssssssases 48
2.8 sTUUTeULnBY (Inertial Navigation System 130 | DAV S 51
2.9 MIYFUIMIIBUTDTTEHINTZUY INS LAZIBUHDTINOE (GPS) ..ovvvvveeeeereererrs 57
d' a o =) a
LTI 3 IBOUUNTTIDY oveeeeeeeeeoeee oo e s e s e e e e e e s s s s e s e s e s e s e s s e s s s s s 62
Y
3.1 UUADUNITATUUNTT IVY cerereeeeeeeeeeeeeeeeeeeeeeee e eeeeseseeesseseeeesesesesesesesessesesessseseeesnsesenens 62
d' A d' 9 0o A w
3.2 IATOTHDT B IUNTITTIIIVY 1o e s s e s e s s ee s s e s e es e s s sesee s seneesenens 65
A Y [ [
3.3 I BD ST B AN ITTURY v e e e s s s e e s s ses s s e ses s 70
9
3.4 TUABDUMITNNUYDUNATATUINANG (Potential Field) ..o, 77
9 '
3.5 YUADUNTINNIUVDUNANANITATIVAOUTINAVII v, 78

(6)



M58y (710)

9
Wi
LY 1 LY 1
3.6 MIIMAYYIVUTUNIULVUFUIINYULEDTIANIINTI (Accelerometer) LAY
J v 3 a s ¢ A
U3 AN UIT AT (Gyroscope) MBTINFUMTATENGULUMTTOU......... 80
1 1 a v 1
3.7 MyvImanulsilsiu (Variance) agmona (Bias) Y9I ULE05IAN NS
d o <3 a A Y @
(Accelerometer) LAZIFUIFDTIAAIULINWIYY (Gyroscope) e l¥luainsosna
BUTH oot e et e et e et et ee e et e e et e e s en et eeeeeeeeneeeeeeerens 87
! . ' a . I A
3.8 MIMIMANNL5159U (Variance) tiazond (Bias) V9ussuis0590tod (GPS)
A P, o
END LB TUAINTOIATAITIU 1o eee s ee e s s eeeeeseseeesaeneeeen 93
LTI A HANTTVIADBT e oo e e e e e oo e oo e e e e e e e e e e s e e s 96
4 J o [
4.1 MIYTUINTVOYANNIFUILDS GPS HAZIFUITDI IAAIINITT (Accelerometer) 114
Aa I 9 ~
ATIAUID LT UATINTLIZ 20 LUAT v eeeereeeseseseeseseesessessesessessssessesseses 96
] Y ]
4.2 Wan3ItaeUNANALNUNAITNMIATOUATOINUN (Occupancy-Grid Map) 11
MATLAB/SINUIINK eenteit ittt ettt et e e te s et s eseseanestsseensetnesesnsessnsssnnsenns 99
o o a v o 4 1 [
43 WANITADINTINUVDINANATNNANG (Potential Field) 1iio 14352001
4 a [ a
AUATATUDITALASINAUA ﬂﬁ%’JauﬂammLﬁ’u (Feedback Linearization) ........... 102
v ' Y [
4.4 MInTAUAINAYN IaglFmMAtALNUNAIT19TATOUATDINUN
(Occupancy-Grid Map) JUaAIMIIAROHUTI ceovvernereererereeereeseseeeseeseeseeseesesssessesees 107
¥ v 9
45 MINAAOUTZUUHALWANTINAVINNAANIU U UEUATONUD 4 dolu
T LAY LR G A NN\ oy X 1/ /KT 116
UNN 5 AFUNAMITNAADIAZVOLTUBLIUL .oooooooeo oo 126
[ 4 a v asy o a a o
5.1 a31909U s aaAueInITIVBUALITMTANUUUNITIVY coovvveseiseeseseeans 126
5.2 agUHaNIITNAABUALDAUTIIHA ..o 126
5.3 TN UALUDITUBDIUL c.ooooooeeeeeeeeeeee oo eessssseennes 128
UTTUTYNTU oo eeeeessssssese s ssssssssse s 130
Lo T 2L VoY OO 132
R TaT 2LV EoY 8 TSR 133
UTETAFITVIU oo eeeneee e 147

(7



a3UYNIIN

Wi
m3i 2.1 agdaumsdnsosmamnuuundeyaduaviuylideriios (Discrete-time) ............. 51
TR 3.1 U UTUNITITO .o 62
319 3.2 ToyanuauiRYOUBIBOTUDI Microstrain T4 SDM-GX3-45 ..o 74
3197 3.3 TOYANUAUTRUD SICK LMSST1-PRO .o 76

®)



CaN CaN CaN CaN CaN CaN
2 =2 2 =2 =2 =2
=, =Sp. =i S S =S
[\S) [\S) ek ek ek ek
(] — N (98] (] —

€an
=
=
e}
w

31N 2.4

2.5

€an
=
=2

.6

&an
=
=2
[\S)

€an
=
=2
[\S)

7

=)
[\

i1

31U 2.9

.8

Can

31U 2.10

CaN QaN QaN CaN CaN CaN CaN CaN CaN
2 2 2 2 2 2 2 2 =2
=b. S Sk S S Sh. S S5 =SS
[\ \S] \S] [\ \S] [\ [\ [\ \S]
—_ —_ —_ —_ — —_ —_ — —_
\O o] | (@) (9] ~ (98] [\ —_

&an
=
=h.
[\S)
[\
()

W
sty
U
9
U
5000 IUNADINMITUVIVUTIINT DARPA ... 17
5000 1A DARK-HORSE DMWY ..o 18
SO0V HLDINADIITUD LD oo, 19
DAL DI TUU LD U R oo 19
o 4
HUUTIADINIGVAUFTTATUBITD correeeeeeeeeeeeeee oo e s s s 24
9 a tﬂ' = [ 9y a d' d‘
MIMYUVDINTOUDNDUUY ECEF 1oeununsousaunssnununalglan.. ... 25
MIUAAIHAANTENINALAYALLY Geodetic (AIBIN @ ) 1AZILL Geocentric
(RVIUU B ) oo eeeee e eesee e 26
N30UB19BUIVY Local Geodetic W30z UduRa luszuUNAAS190 U0 dUNUT AL
ATOUB DU ECEF oo oo 27
FEU DN AUDTI TN ITUE 1o es et s s e e s e s e s ses s ses s s eseesees s s e seesess s 28

Y a 3 Yy Aa v 9y
Fmsulasonnseuddwwy ECEF litlunseusdwuuszinududalasly R! .29

o o J 1 a o Yy a o 1
ANVUANNUTIEHINITUNIHUSUASITSUUNDANTDUDNOIUITO .o, 31
a 9 3 .
LL‘L!’Jﬂ’NlIﬂ@Gluﬂ15ﬁ'i1\1§]151\11ﬂ8531ﬁﬂ@ﬂﬂﬂ (Global Grid) .......ccceeeveriiereeeieiceeereee 35
ummmﬁ@hm‘iﬁ%’wmﬁmmuﬁnmmwwﬁ (Local Grid) .....coveveeereeiiereiereeereene, 35

o -2 o w Y v o .
MIMruanInstilsz9169 (Index) IWnumselagsIunarua (Global Grid) 1a

AT NUUVUTIBURNIZT (LOCAL GTIA) oo seeeeeeeeeeeeseesssseeeeeeee e 36
A ' [l A A A o
Wovuoud linsWUAIRAUNIUNUANTIINI e 36
A ' I A A A °
W UEUANTIINUTINAY I IUNURMITIN e 37
) ¥ v
IOV UIUAATINNDTINAVIN 1 FULANVOYAUTIYOGHADHANDFOL ..o 38
9 ] v
M15191A8TIUNA1NA (Global Grid) 10¥A1TANAY (Threshold) D ee.eeeeeeeeeeeeeeeeeeeeeneen 38
a A [ Sy o 2
HUIANNAANGINUTIATUANTUUURIRR oo 39
a A @ Sy o o
HUIAITUAAN S INUTNFUANTUU AT ec.eeeeeeeeeeeeesessesseeeee e eseeen 42
(d’ o w
TR T UATINTEMINLITD e eeseeeeeeeeeeeeesse e 46
dndenile £, B, —B<xl2 @) uaz B, —B>712 U)o 47
HHUNTNITYT UM TVOYAUDUHAIY (LOOSE) vvrreeeeeeeseeoeeeeeeeseesoeeeeeee oo 58
HHUATNITY T UM TUOYALDULEUULUU (TIght) .ovooeeeeeoeeeeeeeeeeoeeeeeee e 59

©



astiggil (10)

9
nihn
A 9 A
JUN 221 uHUAINMITYIUINITOYaLAeN TeUVUNAIY (Loosely COupled) .........mwmwwmrvrrrrnrnnnnnnnen 60
51U 2.22 uwumwmsysamstoyaion ToauuULUUILIY (Tightly Coupled) .....oorrrroriooceeeeee 61
FUN 3.1 TR NI e 66
A 9 v A
JUN 3.2 TATIATNTEVUATUANVDITOTA TUIE oo 67
4 ¢ 4
5UN 3.3 o3 uazgUns ol 0T e 68
A
JUN 3.4 FEVUMIAIVAVUAZUTIUIANA oo 69
! i a ¥ 4 1 { o o o
517 3.5 sowid lihileaanuauyesuaz szuuaea s udulums i) 69
JUN 3.6 UHUANAITTEYMWAUINAATINGY 1 AL, 2 AIAL 3 ANeoeereeeoeeoeeeeeeessnssssssnssrrnnnnnnnne 72
A Jd o = I A . .
31N 3.7 e S iayuReaIEUITD T AN (GPS) YDA Microstrain 3DM-GX3-45 .................. 73
{ 14 1
1 3.8 Taseaiumeluveusgosyos Microstrain 1 3DM-GX345 ..ooocccvoooeveeessoessoee 73
A o o L 9 ¢ ¢
JUN 3.9 HANMIMOUDOIAUVDUAIHDTAUNUIUDT 1oooovooovveoeeeeeeesssssses s 75
A o =q v 9 . .
3U% 3.10 ¥ANMIAVAUIANNTFTUMTAENOU (TIme 0f FHZN)...ovvvvvveeeereeeeeeeveeeenessesssssssessennnenenen 75
JUN 311 SICK LMSSTI-PRO .....ooooooooossseeseseiomseonsnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnnes 76
~ o A ~ ' r A =~ A s A A 9 9|
JU7 3.12 M3tiavamsmdounveIHIuALAs TNNAYI oY euanas Ut v Mg
HAZUAAUTUATD UIUUAIQAUAZIUUAANTINTE AU UBUA lulaazyaz1Ia]
(VN () B > 09 b T /ER7 \ e W E==8 s \ T2\ \Vg ¢ 00 < IR 77
A A 1 s A P
517 3.13 e ueuARABUN TUTUIMAAU Koo 78
4 oo o\o=B P < D:?
71U 3.14 AArlsET1aUNBATIINUFINAYNUTUFUATINNAN o 78
A A 1 s A A
517 3.15 WeueuANABUN T TUIUANY v 79
~ o oA o o A A o I a A
319 3.16 MAFIUIZAUNeATIINUFTINAV NV UTUTMAEN ..o 79
A oA Jd v ' A v o
31U 3.17 Audleauuinas gy (o) VouFUIEDITIAAINIIA (Accelerometer) 1RO 5 AUTIUIY
UNVOIHUANIUNG (Histogram) 10,20,30,40,50 unauaziingspagaod luuny z............ 81

A T oA d o <3 a A @
519 3.18 AndeuuuINATIIN (o) VOUFUHDIIANNITUFIYY (Gyroscope) HIDHTH
TIIUINIVOWNUYTUNG (Histogram) 10,20,30,40,50 uviauazlinsfgaog luunu z. 81
d' 1 d' d o 1 4' v o
31U 3.19 Audieauuinas gy (o) VoUBUIEDITIAAIINII (Accelerometer) D)5 HUTIUIY

UNVOIHUANIUN (Histogram) 10,20,30,40,50 umiauaziingsnagaog luunu y ... 82

(10)



QaN QaN QaN CaN CaN CaN
2 =2 B2 =2 =2 =
=Sk Sp. S S S Sh.
W oW W W W W
W L W W WL W
o NV T R U S NG Sn

€an
=
=h.
(98]
(O8]
-

astiggil (10)

1 d' d o I~ a d‘ @
ANVBUUUINNTTIY (0) VOUFUFDTIAANMTUFIYY (Gyroscope) Lioitlsmis
TNV IHUYILNG (Histogram) 10,20,30,40,50 1viataziinsinsgaogluuny y. 82

1 H J v 1 4 v )
ANToUDUNIATTIY (o) VDUFUIEDSIANINT (Accelerometer) IHolsAUTIUIU
UNVOIHUANIUN (Histogram) 10,20,30,40,50 tauaziing19agaod 1uunu x ... 83

1 d' d o I~ a d‘ @
ANVBUUUINTTIY (0) VOUFUEDFTIAANMITUFIYY (Gyroscope) Lol mis
TNV IHUYILN (Histogram) 10,20,30,40,50 1iataziinsinagaoglunnu x. 83

a Jd v 1
ﬂsj’au“amwmmm%smmmm (ACCEIEIOMELET) ..ot eeeeeeeean 84

] [ o Ad' d v ]
mManuulslsiuvesdyausunIulsz M AFI UV AT U TIANING
(Accelerometer) YU X oo, 84

] [ o Ad' d v ]
manuulslsiuvesdyausunulsz M @Fo UV AT U TIANING
(Accelerometer) Tunnu NP VN2 ey e - 20 SO 85

] [ o Ad' d v ]
mManuulslsiuvesdyausun Ul s AFI UV AT UFDTIANINTY
(Accelerometer) TG TN © (NN © A (A 85

a J o <3 a
UOYATIIUDUTUIFDTIAN DI WFIUY (GYTOSCOPE) -...oorieoeereeeeeeesoeeeressreee 86

1 o s A Jd o 3 a
mmmuﬂiﬂ‘i’mmmﬁiyﬂﬁm‘mmuﬂizmmmmﬂmummwuwai.i’mﬂ’mJﬁ’JLG]NipJ

(s O] N YT N N B o \ T N\\ s € 0 < [ 86
1 o & A d o <3 a

ﬂ'lﬂ'J'lilL!‘iJﬁJi'JuelJ@Q uﬂﬁmi‘umuﬂSzmmmﬁwﬂummwuwaiaﬂmmﬁawwu
(Gyroscope) Tunnu AN N ow? avores. o /oo 1 /KX vt | O UOUUORNSOROUO 87
1 o o = d o <3 a

ﬂ'lﬂ'J'lilL!‘iJﬁJi'Jule@\i uﬂﬁmiumuﬂ3$Lmnm”|ﬁmfﬂwuawﬁuL%aiaﬂmm!ﬁawwu
(Gyroscope) UL 8 S (O eeeereereeeeressesermosseserossesenssssseenes 87

a J o 1

%ﬂgﬁ%ﬁﬁﬂl@ﬂ!"b’ut“ﬁ@ﬁ'Jﬂﬂ'J']llLﬁQ (ACCEIEIOMELET) ..o e e eeeeeeean 88
1 d o 1

AauLlssiu (Variance) U9 ULEDIIANIINLIY (Accelerometer) T0PU X, 88
1 d o 1

aauulsdsiu (Variance) U9 IHUIEDITIAAIINLIN (Accelerometer) Tuunu Verereereenn 89
1 d o 1

aaunalsisiu (Variance) UDHUIEDITIAAIINLIN (Accelerometer) Tuuny 7o, 89
9 a d o <3 Aa

ﬂlﬂyjaﬂﬁﬂﬂl@ﬂ!%’ut“}fﬂiﬁﬂﬂﬁnuLi'JLGIqulll (GerSCOpe) ........................................................ 90

' Jd o S A
A1 U51/59U (Variance) VoAU UFDTIANINITUFIYY (Gyroscope) THLNU x ....... 90

' J o S A
A1 MU)51/59U (Variance) VoAU UADTIANINITUTFIYY (Gyroscope) THLAU v ....... 91

an



astiggil (10)

A 1 . 7w 3 a
g‘ﬂﬂ 3.38 ﬂ'lﬂ']'liJl!'lJﬁ‘lJﬁ'Ju (Variance) VDUFULEDITINNITULTIBIYY (Gyroscope) 611!L!.ﬂu AN 91

{ 1 a v 1
g‘ﬂﬁ 3.39 M19AH (Bias) UDUFUIEDITIAAITUITI (ACCEIEIOMELET)...eeeeeeeeeeeeeee e eeeeeeeeeeeee e 92
= ' a . Jd o 3 A
319 3.40 A19AA (Bias) YDAUFUIHDFIAAMITUTIYY (GYTOSCOPE) ..vvvvvrrrrrreeersssrrerrrrsssssssrrenenene 92
~ 9 A Ay Y < I A Bo’ [ gjl A A 4
g‘lh’] 3.41 !.Lﬁﬂ\?“llf]y.ﬁ%3\11/1‘1@%1ﬂﬂ13lﬂﬂﬂ1ﬂt%ul“ﬁﬂﬁﬂWl@ﬁ (GPS) P17OU S AT LUDULEULLDT
A A [l o 13 v Y A Y Y
N (GPS) nNUANY LL?JUEJ']ﬂ'J']HJUﬂ'JfJ'N@Q (MAAIAIULT UL e 93
=~ J . I A
g‘lh’] 3.42 ﬂ'lﬂ']'liJLHJﬁ’lJﬁ']u (Variance) UDU5ULEDIINOT (GPS) GlL!LLL!’JLLﬂL! X HASUNU y.......... 94
= ' a . I A
g‘lh/l 3.43 719A9 (Bias) UDUFULEDIINDT (GPS) hl‘LlL!u'J!Lﬂ‘Ll D TN 94
A~ 1 a . I A
51U 3.44 A19AA (Bias) VOUBUEDSINO (GPS) TUHUIMNU Yoo 95

~ 9 I A d o 1
JUN 4.1 uaaINanINMIIYIUINMIVBYAEULEDTIND A (GPS) LAZIHUIHDIT TANIINII
(ALCCELETOIMEIET) ...ttt e e et e et e e aeeeee e e e eeaeeeeeeeeeeeaesaeeeeneeeeeeeneeaneeeeeeeneeaneenneeans 97
A J 1 . 9 _ 9 @ 4
JUN 4.2 MAnuutlssausan (Covariance) vo3voyalunnu x (P, dmsumsnianisal
1 9 . o [ @ FU .
829111 (Prior) tag P dmSUMTUSUUNAT (POSIErion) ..........vveeeeeeereessssseereeeeessseeee 97

{ ' J N 9 _ o o G4
gﬂﬁ 4.3 maunl5UsIusIu (Covariance) mawayaiuuﬂUy(Py ANMIUNITAIANITU

1 9 . o Y @ Y e
a391 1 (Prior) Uay P/ AHTUNITUTUUNAT (POSLETION) oo 98
~ Y v 9
JUN 4.4 MRV (Gain) YBIVOYATUIAU X (K )evvvooieniieieeiiieiiiieiiisisisesisesssssssssssssssssssssssssesenene 98
{ Y 4 9
U9 4.5 ABRT1VE8 (Gain) YDITOYATUAU y (K ) oo 99
~ A a A o rA g
JUN 4.6 HAAIMTAUNUTINAUINAAUHUAUTUAUTULIU X oo 100
o 45 AW g -
JUN 4.7 vaasmsaupuTanavNuNNaBUN THINY x AJUTZEZNI 60 IVUALAT ..ovvveeeeeeeeen 100
o X\ 4 s S < -
JUN 4.8 vaamsaupuTINavNURoRARUN THINY x (JUTZEZNI 120 IVUALAT ..ovveveeeeeeeen 101
A A a A o A g
JUN 4.9 HAAIMTAUAUTINAU NN HATUAUTULNU Yoo 101
o 4 £/0)3q (X < -
JUN 4.10 vaamsaupuTINAUNUNIAABUN TUINY y (UTZEZNIA 60 IFUAIAT ....vvveveeeeeee. 102
o 4 4 44 < -
JUN 4.11 gaasmsaupumInavNulonasuN luuAY y (JUIZEENIN 120 IFUAIAT ............... 102

{ o 4 A A o 1 ' 3 ?
‘iﬂﬁ 4.12 msmammmmmumimﬁau‘nuazuamuﬂi’mmmzmmauuﬂumm’mmlﬁju

U

d’ d’ d‘ dQ' = d‘ 1o d‘ ay 1 dy d' o 'd‘ o '
NUNNTAADUNIUBDUTINAVINNDYNUN 1 BU asﬂuwuwm‘imam@gwmgmm

U

(1, 8) LUBIT ettt ae et et et estete et e et et e st et e et et eneete et et entene et e etenteneeteetetenea 103

(12)



astiggil (10)

% ] 4 % 9 o [] 1 L
alsveaueuauazanlslumsaiuguilszneuaie duriswe s ugua iy

£ 9 1
AU x e y (ae331un), Yuasn (0), yuiaed (4), yuidsaulomsunuuniy x
(f) (@pagdnan), dunadmivdonth (u,), Sunadmiudonas (u,) (doegll
' R a A a o a2
a19) TunsiinaunananNAUNDUOGAUN 1 FU .ooooeoeeeeeeeeeeesseeee 104

[
= a2

° 4 { o 1 o 1 1 4 4 A
fnﬁﬂ’]a@\iﬂ1331\‘]!lWUﬂ15!ﬂaQUﬁﬂ‘UUjQﬁ'ﬁJﬁﬂﬁgﬂ']@lf]ﬁuﬂuﬂﬁﬂlﬁ@ﬁﬁqﬂﬂéU'J'NV]

v ]
"o a A

v 9 Y v 9 1]
pgn UM 2 Fuod lunuiinsihau Fuusnegidmiia (6, 10) was uazruiiaedoy
A
UL, 18) LIUIBIT ettt ettt ettt ettt et et e e eae e eaeeae et e eteeaeeaesaesaeeneeans 105
@ 1 J @ 9 o ] 1 o
aulsvesuesuduazainlslumsaiuquilszneudie dumisveayueua lu
9 9 )

UAU X LU y (ﬁmgﬂ‘uu), YUNII0 (0), wﬁm (9), wﬁmgﬁmﬁﬂmmmu X
(f) (@os3ina), dunadmiudenih (u,), dBunadmsudends (u,) (aoeg
] = = Q' = [ d' Q”
819) TUNIANAUNANANAYNIUVUBIAUT 2 FU oo 105

o A ~ 9 [ = ~ o 1 1 4 A~
MITIAOINITINUHUMIAAOUNNIDUN VU IUTUDUTINNNIE IO UsUATDII N
A A ~ Y <3 1T A )=}
FINAVNUATOUNA VLU X AIIAINNETD 2.3 LATADIUIN e 106
@ ] J @ 9 o ] 1 o
aulsvesusuduazailslumsaiuquilszneudie dunisveayueua lu

9 9 )
UAU X LU y (ﬁmgﬂnu), YUKITD (0), yuayd (@), HNL’G]EJ’JLﬁ’OL‘V]EJ‘UﬂULLﬂu X
(f) (@p3gl) naw), dunadmsudentn (U,), SuWad mMiudonad (uU,) (doegil
1 ~ a A a A ~ 2
a19) TUATANAUNANTINAVIIIUUURADDUN 1 B U oo 107
o 1A o A a ZIJ o
AN UATUAUMITNAFOUNTATINIVAINAV TABNTAAA UYL DS IO e (GPS),
S w ~ o 7 3 A Y A Al a
U0 IAYURsIazABIAuN BT VU MNE 1¥ I unInaaeY B NAINA
1 A I
PINHNINAE WA UTLIZNIT B AT 108
A A X A o A A Aad a ]

YAULATIINUFINAVINTUNUNMIINNUNITZEL 4 1WAT HONTINAVINNIININYA
A 9 g
ETUATY UTZUZNNG 8 BURT rvereeeeeeeeeees e e e s s e e eseeeeaees e ss e s seneeeees 109

v ]

y 2 < ' A ' '
Lﬁ@ﬁl&f;fﬂﬂ”l'i'vmﬁ’e)‘mmeuuﬂgﬁisEJ$ 10 suR13 Llﬁzﬁﬂﬂﬂmwﬂgﬁ 8 AT 1NN
A A { a o
Tuvazisudumsnadou doyavesdsnavaei Idninmwningnsulag

(Transformation Matrix) 11131903 0RNIZN (Local Grid: n50UAUAY) 1ioliaana

] A [
GU'J'NW'IQ%'IﬂﬂqﬂﬁiJg]Iu 1Wuszezng S LURIT e 110

(13)



31U 431

astiggil (10)

Tz uduUMINAasl M NUTNURANILNNIB (Local Grid) 1HoAT 1980 UNVAA
= Al o ' A 9y g
NAYINLAZUTINAVINHNIINYATUAUTUTZIZ NI 8 IUAT oo 110

] Y ]
Tz udumsnaaauns1auu TagsIMNInua (Global Grid) (19vi1A3oWAN
MINVOYALVUAT WD AR NIZNNGE (Local Grid) TaelidshavaaneaIngaiEy
Y
ALY UTZUZTITIE 8 LUAT oo e e es e e e es s ees s ees e ees e eseeseeeeeeseeeeeseeeseesesseeees 111
o A o A a ?zl.z o
AUV UATUAUMITNAFOUNTATINIVAINAVI TASNTAAA U UL DS IO D (GPS),

7 o ~ I o < A 9 A ~A o
U0 I IAYURsIaZ AR AL U T UUI DU WING 1F T unInaael NN

' A I
PINHNINAE AT UTLIZNIG L0 AT oo 112
A a A A ° A A Al a '

YAULATIINUAINAVINTUNUNMINNUNTZIL 6 1WAT HIONTINAVINIHIIINYA

A 9
Limmﬂuizﬂzma TOLURIT oo 113

y 2 < 1Al 2 1A 1
Lﬁ@ﬁu’q@ﬂ'lﬁ‘]/]ﬂﬁﬂﬂiﬂﬁlu@gﬁigﬂ% 10 tu$19 uazmﬁﬂmnagﬁ 10 tHAT ¥1991NA

A A { a J
Tuanzisudumsnadou doyavesdsnavrned laanunsndgnsulas
. , A = . = A ad a
(Transformation Matrix) luasausnammizi (Local Grid: NIOUTLUAY) LUDUTINA
] A 3
PINHNINAE WA UTZIZNI 1O AT oo 114
Turnzisudumsnadoy MsNUSNAMNIZANGo (Local Grid) oA 19d0UNUES
~ Al 1 A 9 g
DAY TINAVINNINNYABUAUTIUTZILNI 10 IUAT oo 114
] FJ I
Turnzisudumsnadoum s Taosmnanua (Global Grid) 1ipv1n150WaAN
MINTOYALVUMT WU IWANIZNNTO (Local Grid) Iaslidanau11911991n90i31
Y <
AU UTZIZNIG TOBUAT oo 115
2 Ao y wa Ay rad A & 4 0
HAVDINMIHAUNANTINAYLLUDR 11l n3al lifidsnavnalunuiinmssinu
Y a A 2o 9 Y a ¥ a g
Usznouale: gnATFveIdaInsIga, Nnandauaauivine, kil
EUNEMITIAROURUBIHUIUG .o 117
@ v o A ad A g A o [ ]
atlsvesuouasodie hiliasfavnalunuinmssiou: dumislununnu x
o o . o o 2 Y, ¥
WuE8), AU TUeLINNY y (@19519), YURITD (UUU), YNIREIVEIaDHIN

(DU DY) oo e e e e e e e s e e e e e e e e e e e 117

(14)



3

astiggil (10)

H ] r 1 4 [
U7 432 aulsmsmuguuazdurisdsnaunadie luligsnavnsuiuimsiau :

31N 4.35

San

San

= =
=p. =h.

Pl
W W
NCEEERCN

)]

Yy 9 v o 1 A a " a
UNAVDIADY U (UUKY), Auruaasnau I oy x (219H18), DUNAVDY

9 [}

WA (UUVI), AUHHIAINAVIIIU LUBAU Y @1V oo 118
% a Y4 I
aulsnnmatinauiudng (Potential Field): 115990 1111101 x (UUF8), 15IHAN

Tunuannu x (@19410), usagalutuanni y (Uuaa), usawan lunuanu y (@19

Al

v 4 v Y
NAYDINITHALNANTINAVNWVVER Tuaia nsaildsnav e luiunmsiau 1 3u

=

Y
(NAFOUAITIN 1): QNATTIVBIMAAITIRA, NATAAWAAITIHGN, WAANTAAA

U G

a ] ==

Y Y o ¥ < A A 1 a o
“J'n’ill’lﬂ, Lﬁuﬁu1NutﬂumuﬂwﬂﬁLﬂﬁ@HﬂﬂJﬂWjHﬂUﬁ, TIUAYUALUAULTAIN

T A A A Ya A A A Y a ° 1 A A Ay Y °
U UIAINAVINNLNDGN, ’ﬁn’iﬁﬂﬂJﬁuuQuLLﬁﬂQ@]’lLlWﬂﬂﬁ\?ﬂﬂell’g'l\iﬂllﬂﬁ]'lﬂﬂ'liﬂ'l

a A a Y wa Al A A 4 ° s
Wﬁﬂ]@\?ﬂ’ljwaﬂﬁaﬂﬁﬁﬂﬂﬂ]j’l\?&!ﬂﬂ@ﬁiumﬂ ﬂimuﬁﬂﬂﬂﬂ]?’l\‘lGl,uwucﬂﬂ']iﬂ“nu 1 %U

Y [
(NAFOUAIIN 2): QNATTNBIMAAILTINA, GNATAAWAAITIHGN, WAANTAAA

d = =

Y Y a ¥ a g Y] A ~ . a o
“J'n’ill’lﬂ, lﬁu’ﬁun\iulﬂulﬁucﬂ']\iﬂ'ﬁlﬂa@uﬂmﬂ\jyjuau@, TIUQAYUALUAULTAIN

1 Q' d‘ a d‘ { = 9o} a o ) Q‘ d'
Llﬁu\‘lﬁﬁﬁﬂﬂl’ﬂi‘ﬂuﬁ}ﬁ]‘ﬂ, ’ﬁﬂ’ialeI’(?f“L!11,\11!Llﬁﬂ\‘l@1!lﬂuﬂﬁﬁﬁ@ﬂl’)1ﬁﬂqﬁlﬂ1ﬂﬂ1i

ANMUNNAADVILUVUNALUANTINAVIL: AU WHAVDANAINIAINTIUATOINA...... 122

Q
Aaad A

v 9 v Y
NAYDINIVAUNANTINAVNVVOA T13iA nsailasnavaluiunmsiieu 1 Fu

=

- gnATmAeIAAIIge, gnasdauaasanan, wnandawaauihvune, idua

D.

2 a g 9 A a ] o A = ° 1 A A

umutﬂmﬁu‘vmmimaﬂumm@muﬂu@, TARAYUALUAILTAIA UL UITINAUVINN
Yya A A a ¥ a ° 1A A Ay v °

LN, ﬁmaEJaJﬁmNuuﬁmmLmmmﬂﬂmmm”lﬂmﬂmimuam ............................. 123

o [l 4 A Al a 2 A A ° o '

muﬂi‘um‘l{juﬂumamaumﬂﬂmw 1 Glmoluwu‘ﬂmﬁmdm: @']LLWTN(IULLN'JLWN X

D o ' "y o £ vy
(‘Uu“]ﬂﬂ), @nllﬁuqslullujuﬂu y (ﬁ']\i"'])"]ﬂ), 1‘!1]:”’353 (‘]JUGU’J']), %N!aﬂjm@qaﬂﬁuq
Y ° 1A A A ad o £ X 4 °

Ullﬂiﬂ']ﬁﬂ3“?}%&&@13@““41!\1?3\1ﬂﬂ"’ll')"l\ulli’nJﬁQﬂﬂf’Ujﬂl\i 1 Gﬁugluwumﬂ'ﬁvn\i']u :

a Y ) ¥ ° 1A~ - a Y
BUNAUBDINDNUN (“U’L!G]ﬂEJ), mgmmmﬂﬂmwﬂuumuﬂu X (ﬂNG]ﬂEJ), BUNAUDIND

¥Wad (UUUN), AuvuadanavIe Iy y (GRRETE R ) JT Y 124

(15)



astiggil (10)

Y
M
~ @ A o . . A Al a 2 A A °
51N 4.40 dwlsmaiinauudAng (Potential Field) iol@anav11a 1 sulununmsiau:
u59ga TuuwnY x (UUF1e), 1sIwan lunuanni x (@151e), u5iga lunuaunu y
(UUU), UITINAN TULU N Y (@1UDD) oo eees e s ses e ees s eeseee 125

(16)



1.1 anudngazninvesifymnmide
M1 “szuUda Tugta” e szuulaqusena lniansaiuran ldaredaes Tae

o A Y ’J [ A Iy ] o A [ A
M Tlsunsunne 1 wuszuusaihea Tudd szuvasusuInsdnnon Tuiia szuuen Tuia

A

I 9 a 4 ‘a a o o 9 1 A~
mmﬂuﬂ131%1‘1]'i!,mi11ﬂ@3JW’Jmm"Vii@@ﬂﬂsmamﬂmmmﬁglumiﬂ’mﬂmzmdmgﬂmmam'ﬂu

a
Y v A

A s 3 2 & g A A v st
ﬂ'li’J'l\HLW‘LlWiE]Tﬂﬂlﬂ5‘JJTﬂﬂll‘lélBfJVN’ﬁHi'J?JVNL‘]JHﬁQVI“]ﬂEJTH?JHHEJ?Jﬂ”J'I?Jﬁ%ﬂ'Jﬂﬁ'“U'IEJLLaz

9 '
Y JAA

Y A X A o ada X a A o wa
Yaoassungau warndunama lu Tagninavyu ludagiviusziigunsainima TuTagon Tuia
A Y 19 o g‘/ QSI A =5 ua I [ A = Y Y
Mevoegarenunsdursoluuisamalulagon luiaeivvzidlugamunsogauenin1a Tag

' o vad a X 9y o Yy & Qg ' <
uisauea Tudanmnavuldasanulsznvesmsavnasudinezmn lanaunsoniseondu 3
o . Y @ wa <3 a J
Usziannanafie 191019 Fee19i50n 1a1101NAe1U0R TuiiAo 19z uednotinesnie
A a 3 s Y 2 ~ < A A o 3 o wa 1 9y A
wsesduvaann Id mai ewazisendluGonieeudnion luia drulsznngatefon
=) v W

2 o Y1 3 v @ g}/ < A d’a} [
1Jﬂ“]f\iuﬂulﬂﬁ']lﬂuﬂﬁglﬂﬂﬂ’]ﬁﬂllu’]ﬂﬂﬂuﬂ‘ﬂ 1 V]QGlUTJﬁgtﬂﬁllﬂﬂ!Lagﬂ'Jjaﬂllagll“b'ﬂl gnngaINnNUIN

“5900 1UNA”

¥ g
L

CATERPILLAR>

g - = g

Carnegie Mellon " *
G —)
R s, BT

(1) TARTAN [1] (v) MIT [2]
5Uf 1.1 5089 TuiAINMIUUITUIIBNT DARPA

o wadq Yo a 2 < ' I 1 ]

szuuoa uwan lsnuemivug lunainnatsyiiauuasnmisesmily 2 diulnguu

a 44 442 g 4y 4
A9 TTUVAIVANUAZITUVINIHUMIAADUN T2UVNWHUMTIAao U N UsTUDRA 19U
A a a 4 9 1 Y A Ao A 2 A
iefndnszinazilsznunatoyanen luanmuiadenassnimanlasunlaslilnasanaidadl

a H o o [ a a eqe o
wmﬂmﬂmﬁﬁmimmﬂizqﬂﬁclsff'ﬂumuwmuz@mwu INAUALLLY Probabilistic Roadmaps [3],



IMAHALUY Cell Decomposition [3], MANALLL Potential Field [3] #30NANALLY Occupancy Grid
S ¥ =X Ay Y A AdA g A A A A o
[4] Hudu Fawan ldninnisnamunsmasuinnoduniersemiuizauigaiod 1

o o J o d % o { o g’/
szuuaruan liiimsdfuamsdanuvesglnsaiaiea Fez i ldeumruz ikinsaugniu

]

TlguthminendesmsTasszuuaiuquaiulugddinsinnlsaunuie ssuuauauuuudi lod

Y 9 =2 A

A I Y v A I 9 1 <3
Wi’i)ﬁl'l"l]i]%tﬂui$Uﬂﬂﬁﬁﬂullﬂﬂﬂﬂuﬂaﬂl°ﬁﬂlﬁu HJ‘L!WL! “]Nﬂ'lilaﬂﬂi‘lﬁ%ﬂllﬂ’)ﬂﬂNLL‘LI‘LIG]'N”]ﬂ
2 "o A o QY1 Y ) "o v
‘U‘L!@QﬂUQ'I‘I!TH]Z‘I!'I%J?J?%QTWIIGH')W]@Qﬂ'lﬁﬂ'J'lllLLllHﬂ?!tﬂ%ﬂ?']ﬂﬂuﬂ']u@ﬂﬁﬂluﬂlu'lmiTJﬂ')HlI']ﬂHOEJ

ealage 'l

310 1.2 506 TusiA DARK-HORSE 910#l 11} [5]

sq ¥ A A A = |
ﬂ’]ﬁ‘]_ligf{!ﬂﬁ(lsb'\ﬂuig‘U‘U'Jﬁlxulwuﬂ']ﬁlﬂﬁﬂuﬂllﬂgig‘ﬂﬂﬂﬁﬂﬂMﬂWTuN’]uuNﬁﬁ’]ﬂﬁﬁWﬂ

v @

¥HADINFY MIUVITUT0o0 T1aia lualszmanda lagvilsnudsenaziamnuma TuTasiloanu

~ < =\

152ma (DARPA) HannnIseaasanuaavusuinniie Taeluuaaz Aunaeimaian1snaumung
A 4 4 O e M o o 2
ndouAtazMInIUguiuanaenueen llasiuitianu Iaaaude Aunnurianedouauuni
1 . . . = [ A =) Y a
a0U (Carnegie Mellon University) ¥39NY TARTAN [1] SBNE‘}JVI 1.1 Jasun1slHmatianis14
LHUNISIAADUNYMA1808195IUNUD 1T Y 1NATALLD Road Map W3 oUAUNITAILANUU L
v 4 [ o ) a Aa a o { 3|
Hierarchical #4138 19 51uduud3ildinadseansaimlunisiiaunanseoivaziilusnain
a o A o ~ I 9 o a [ A 4 4 =1
w1 Ineraoen lefiaegli 1.1 0udu auluilagiiunieunmine1dsnsooannsu19eeansing
Wannauaiuisor I lsuuiesouunimssnasnisannzuiadounnasuuasll 1dod193
Aa A ' < o @ A ] 1] ] ]
Uszansam dalwioa Inentinmsiannsoon Tuiadre19 1Y 1991 DARK HORSE 91001171

emsvuoudmaauin @11 [5] dg1i 1.2 Tasnrs1Fimaiiauuy Teaching-Playback $2u

18



4 o A = A [ a o = Y o Y wa =
wm%smammmmaummmaiammﬂzmﬂamuum%m [6] "lﬂnm'iwwmmwiumhan
79 Y o S a o A = 29 Y o A o 2 2
ﬂ'liﬂi%fgﬂﬁicﬁﬂﬁiﬂﬂuﬁﬂiﬂﬂﬂgﬂ% 1.3 G]N‘ﬂigQﬂ@]1"11&5]’Jﬂﬁ°l_lﬁ]3JLL1J‘]Jﬂ‘ﬂi‘ﬂﬁ’)ﬂﬂﬁm!‘ﬂi@iﬁuﬂuluﬂi

Fludu

d‘ v a % a2
E‘IJ‘VI 1.3 3ﬂﬂ%ﬂiﬂ$ﬂ1ﬂﬁ01ﬂul’ﬂllﬂﬂ

Tuaumsdisranieoimazaini Igeoimasiu 15 auau lunmsiaunazims ldmaiia

MINWHUMsIAdouRnana1s1ansoe1fwu n131¥malialuy RRT (Rapidly Exploring

A v =

A A A 9 ) wa a o A o
Random Tree) Gluﬂ'lij'ml!WUﬂ]ilﬂaﬂuﬂWi@!lNﬂigﬂ\iLi’ﬁ]@@]qu@]Fl]'lﬂﬂﬂ']')ﬂﬂ’]aﬂlaﬂll@ﬂ@\iﬁﬂ

U

I Y a A P ~ ~ a a 1 P~
1.4 ﬂumﬂ%mﬂuﬂmiammum‘imaaummzmimuqmlmmzauuamﬂizﬁmmwmmzuum

i llszgnd 1

(M) T80 1A MIT [7] (V) DIMABIUDA 1UIA [8]

A

a8 a o
51U 1.4 Souazo Mo uuuuon 11

Y

19



a

avmazl1531 9] 1dwansnon Tuiid Tasldimaiia Vector Fields 28R UMmMATI AL

9
v v A

Dynamic Window ttaz latinsdunaianisaiuguuuuieoundudadwdrunsiednnadaiinng
a L) [ ) o1 X A2 5 [ o A ' a J a o
Anszideyamssuiveusumes NiuMiuainnuilasasslumsimiase Tu qdigned, A5

Y a o a v 1 @ d a
USUHYLASWIUTNA [10] umsiunadaguInang (Potential Field) uﬂ%’aauﬂm«uuwmmm 9IN

v
Av A v

1 I A I a 4 14 = a o
U U0 F AN (GPS), U0 FITUNALAZIAE D AN WU THNUITeUIITmatansiIng
A A . . . v 2 Y o o o
Miraulafe “Behavior Based Navigation” iaaa1ntiunielutlsems Ineg ldinswanisada Tuiia
A g J A 4 aa d a 4 a 4 ] anl o a
niusosuaislasguama Tulagd@nnsailnduazAsun NI UMIFIATINAVANIANIBFING

' R~ A 9 A A A A A ~ A
Huﬂu@ﬂﬂﬂ [11] "INllﬂWiLaﬂﬂi%LV]ﬂUﬂﬂ15ﬂaﬂwaﬂﬁ\?ﬂﬂ"'ll'ﬂﬂﬂﬁ] ﬁcﬁcﬁaaﬁ]ﬂﬂauima

Y
Aav A

Tulnsemsdvei lawannszumhnmanaznavvanasnavinsluannznadeunieuen
1 9 v
91 sdmsusaon Tuldlasldmaiaunuia1319n15A50UAT094NUN (Occupancy-Grid Map)
1 [ a [ o {
FAIUAVINANATUINANG (Potential Field) HAZN1TINILHUIAUNIITAITLUUIRNIZN (Local
. I * { ] o L o
Incremental Planning) ¥ufludnszuunilaninnuiauluazannsoilddszgnaldnuauld
Y] YA 9 Y d A [ T W
wannaelszinnuazdalalinslszgna ldamaes areivonsiviamaiulsnienenienas
Y A o a S AA A A g o 1 9 A A 1 4
ANINIAZONINDIINITAUATIZHNTFINAVINNT UG UAT AT UN N TATOUN VYOI UIUA
A ' = 9 ° ! A 9 v
wie lusawlldesmsadanuuiiaesaisg o1y mseenuuvszuunuguuuuiloundy szuy
v A a Y A A a2 A o ]
ATIVTVAINAVIN TZUVUNMTIUFUFUNWMTIVNoHa VAN TINAv119 1T UAY Fe5z U
FJ 1
YT2aIUNALALNITTUAIAIINNIIUDNHUILHINIUTINAY MATLAB/Simulink tWe 194 11n13

Usznamarduniamsaltmungausuanizaegiuandanuesn i)

Y] d
1.2 Jagilszasnveslasams
= a 7Y A 9 ° 1A A 9
1.2.1 AN IAZesNUUMIAATIEHTDYAND 15 11N 13AT VT UMIHUITINAYINAY
[ b ] 9 v
BANOINUUVULNUNAITINNITATOUATOINUN (Occupancy-Grid Map) FINNITLUVUHAUHANFINA
o @ 2 [ a a v J . . 1 1% a
YarMIMausa lniadleoanesnuLULMALARUINANE (Potential Field) auAUmMAdiA
MINWNUFUN IATuULmIIEN (Local Incremental Planning)
d’ [ a R d' Y o ds! % 1 1 a 9 d’
1.2.2 Wianaaoudans TNy IANANUUINA TN UNIHULANANDINIFY oLV 4 doN
o 4 o
Tunaoualsuames Inih
= /9 9 s s . A o
1.2.3 Anvwazlszgnalsdoyaanisuisosiarsos (Laser Range Finder) IN0IAT8ZNN,

4 = A o 1 = A o o v
LHULEDT ﬂlqlllLfJENLW@’J@@Qﬁ1ﬂﬁWl§uﬁlulma$LLﬂuLLﬁm%ul%@‘iﬂWL@ﬁ (GPS) INDIAN Y UIUDY

Y A o Y 9 o
TOUUY 4 a@mzm"lﬂclﬂummaﬂuuunuumuqmmuﬂauﬂau

20



a av
1.3 auNAFIUNMITIVEY
a A a o wa ¥ )] A 9 I '
iz‘mmaUwaﬂmﬂﬂmweﬁiumuu%u‘uwayamzﬂmﬂizmmwa’a’amﬂuﬁmmu
' ST = v o Ty A o X Ay Yo 9
ﬁ")ul!ﬁﬂﬂ$!.‘1J1.!61]fJ3;1.aLﬂfJ'JﬂUﬂWLLWu@LﬂWﬁNWﬂLL@ZﬁQﬂWU'JNGlltl“WuVlL‘]J']WiJ']fJIﬂfJUlﬂﬁJsUﬂﬂquﬁ%"lﬂ
Jd v 1 ~ 3 9 a Cal o [ g’; = 3 A
LFULEDIINTSYSNIN muﬂﬁm%zxﬂumayamﬁamiwmﬂumgmmuuq%zummwmmmmu
o I [l ~ 1" o 1 1 LG dy ~
sazyuriviuedelsuazinsasaaeund e sjueuasguinm laluiuinaaeuTay

v = I A

4 4 Aa v o 1 35
ﬂzmaﬁ]aauﬁ'aﬂmuwm ANNIBYILASITUIFDITINIDE (GPS) Lﬁauaﬂwmmgmm GIQJ}E]N“?WNE‘TBQ
9 [ a K

' ° a Fa o 4 Vo & A o
ﬁ?uﬁ]ggﬂu’lllﬂl']l,ﬂinlzﬂiflﬂﬂu@?ﬂ@uﬂ@ﬁ‘Vllllﬁﬁ]‘ﬂ?ﬂTﬂnlﬂ\?ﬁlﬁunlgﬂullﬂﬁﬂ\ﬂu53‘]_lUﬂ'}]llﬂll‘lu

[ d' d'd' A A a Y o A 1 =) a A
aﬂymzmsmaauml%zmmsawa‘uwaﬂmﬂﬂmw"l@amiumammﬂizﬁmmw

1.4 YUIVAVDINITIVE
1.4.1 souiedd Wihuuy 4 dentuderdoninlinu 15 esm anus2lumsindoud

a

1 Aa 1T A = 2 Y d’ 1A <
¥9950 MY 1 wasaeduivazasadelaaeiiies linu 1 ¥ Tue
[ a a 4 1 @ 1 a v J
142 l¥oaneiinlumiinsizideyaiaunusznnunaiinauiudng (Potential Field)
FaufumatiansNwRFuNaIATHUUIRNITH (Local Incremental Planning) HagmAHALHUA
9 1 1
MM IATOUATOINUN (Occupancy-Grid Map) tiie 1¥lumsarunuuuuiloundu
a 4 Y o d‘ 9 [ Jd o 1 9 ] a J
1.4.3 Uszdvgszvuanguuuuieundumalésaunumsasu-aatoyaniunouiunes
(DAQ Card) uag 11/5un54 MATLAB/Simulink
v A A YA ' a ’q ¥ s s
1.44 dunsaasndudanaunglanszes lunu 50 mwas Taslszgnd Ioauwosiamos
(Laser Range Finder) Wi aszozmanazilszaiadieT1/sinsy MATLAB/Simulink
a o o [ 1 1 Jd v = = (] o
1.4.5 1szavg llsunsudmsueuausuaesIayuoess IMU) IANuulugl + 0.5 03971
I A = 1o v g (fF 9
HAZIYUIDIVNIOE (GPS) UANWLUUE £ 5 18A39IN Microstrain 31 3DM-GX3-45 Taglalisunswy
MATLAB/Simulink
° & = ¥ Y A o A ad a
1.4.6 310094MIAAOUNVIITOUUY 4 doNATOUMUTUN WMo FINAYI19 1aY
191151053 MATLAB/Simulink
] 4 Yy A a Z’, ] A A
1.4.7 YUsUATOA150A20AN 1AA28T TNNINgTINIAIUANHIUTZDUM SN0 U ALY

[

o9 TuAnugaNnaNNIUa
¢ Y]
1.5 dszlavuiimanazlasy

Y a A a o wa A o q Yo
1.5.1 U]J@ﬂi1\133Uﬂﬁaﬂﬁaﬂﬁ\iﬂﬂmﬁqﬂllﬂﬂﬂﬁiuﬂﬁ LW@u1hlﬂﬂ5$Qﬂﬁcl%ﬂUﬂ']uW']Wu$

A 1
mmwuﬂizmw@m@]

21



) I Y 1 9 a o =
1.5.2 aunsorh lisegnaldluaniumssinies 1a oy uasavgeuanudens
v A A d' 1 Y- 9 1 ~ a a
nndemia nuiuyedliansaasnaeuldlasaseldededilsz@nsam
o a dy YR o = o
1.53 dunsavaszunuuinnuaanugiu ldsuilunannms@ouTsunsunisiau
YOI UUON TUIA
@ o adg a d { a
1.5.4 wanninuznuau Iihuagsiannsetindvuamnsoud lvilyvunmznihna
Y
yu'ld
= 9 dy o o @ o =3 a 1 ~
1.5.5 Hianudnlaluiugiueznanmsiauvesszuuoa lwiasu ludunaiaaiegn

9J ] A a A Y o aAa 49!
NN T ENTAN NSNS UUATITY

22



2

[t
=
=).

A Ay
YIE]HQYILﬂEI’JGIJm

A4 A4 = o 1Y a9 < v voooA
msnawumsnaouinmuzauivzih ldgihvuneidesnsiulsznondie 2 arui
o o A o 1A Y =~ . . Y J v o
AL 1) NTTSYMNUAUUNIUNVUNUN (Localization) TaglHauisosIaseanie 2) 151N
9 7 o = = I A ' H) 9 A a
Tagldsuerasiayupeersouasdiod (GPS) Tasludiuusniuazlylunmsnsivdonasna
' 1o 1 49/ =~ o U A g Y o A o
¥ Negiumialalunuimshauias luduiaesiueg lHhneummuznagouive lida
Y Sy ' A ¥ Yy ) 7o 2 7
FhruneNdaeans ua ludIunaauuIzADINNTYITUINTVOYAFULEDT IAYNIDIILALIFUIYDI
Wiod (GPS) DnAeY
a o A:all gJ/ o [ d’ d‘ 9
TuanAdginuazimM eIz uuNwRUMInaouNveIIUMIn Uz naael Tagldy
a Y4 . . d‘ o Qd‘ﬂ) [ A A S A 9
MAUATUINANG (Potential Field) IN0310091359gNTN1/0nunsyuaInavIazINaIv
yadhnueswnuszounuauuuuilounduFaudunio Feedback Linearization 1o lda1uqu

1] 9
i%‘]J‘]JfﬂﬁaU‘ULﬂﬁ@uiﬂll‘ﬂﬁﬂ13ﬂ3$§ﬂﬁ’1%}1ﬂﬂuﬂ@3ﬂiﬂﬂﬂ163JTL!§’JiJﬂ‘UL“I/lﬂuﬂﬂﬁ‘]aljiilﬂﬂ"lﬁ“ﬁjﬂiJ“a

= =

4 3’/ o 1
LFULEDT uaz‘lumuuﬁﬂ"lﬁ’mammiwauwaﬂﬁ ﬂmnwﬂuﬁmazmmﬁ’wiﬂmﬂﬁn

D

. . A 9 (% a R ' A =) o 9 Y v
MATLAB/Simulink LW?)Vlﬂff@‘llﬂ'J'liJQﬂﬁ@\ﬁl@\?@aﬂﬂﬁﬂﬂﬂ@uﬂﬂgiJﬂ'lﬁuWulﬂﬂﬁ%EJﬂﬂﬂlslfﬂUﬁZUU
' g 9 '
Wa‘UWaﬂﬁﬁﬁﬂﬂl’)']\i‘l]ﬂ\ﬁﬂ‘Di\?LlaﬁfclusllL!ﬁﬁ@ﬂuu‘ﬂgﬁ']ﬂ13ﬂﬂﬁ@ﬂﬁ$ﬂﬂﬁﬁﬂﬁaﬂﬁ'\iﬁﬂﬂl'ﬂ\iﬂ‘ﬂiﬂ
Y Aq Yy 7’ & Yo a ] X A
Y 4 aeﬂwauﬁamﬂmuwmm 3 llflcb'ﬂ‘]JWlﬂuﬂLLWHVWH?"Nﬂ']ﬁﬂTO‘Uﬂi@QWH“VI (Occupancy-
1 o a o J a {
Grid Map) FAINUNAUATUINANY (Potential Field) LLaZL‘i’IﬂUﬂﬂ'ﬁ'ﬂﬂLLWHL%HVITQTﬂ%ﬁLLUU!ﬂWTg‘ﬁ

(Local Incremental Planning)

o d
2.1 HUU1ADINNIAUANANIVDITD [12]
) 1 4 A o ~ [ Y Yy 9 [ @
MNUDUTIA0IUBIUEUAIdIoUT0AI3UN 2.1 azduna ldunudediunaizasany
Yy 9 Y o O = o = ¥ 9 =& v o
LAURBAIUNINIATIUTIANTAAIUINIANINA VDI UADH T ILALIANINATNYDIUNUADNAT
A ~ 1 Y =~ = ) 9 Y A o A
MR B99819a2 0IA0ITIIL A INITNAANDLTIABINIAUAAAS ITIHaDIDUTIa0 U lD UV
o A ~ ' ° Y Aa R ' @
INTOMUNT B MIFININUUVTIA0 M DUADIRSINT 1IN TN UIDS
o < o 1 @ o w I
mvualn P=(x,y),P. =(x.,y,) Hudumisuesdontiuazdonas awaray, | ilu
1 @ I a v
SLULNINTLNINAONTINALROWAIAINUUILAUANNIATYOI5D, O 1TuRANIINITHUIH
. . A ' s A A o A I
(Orientation) UDIUAUNANHIBUAUAVNIATVDIVUBUAIDIRBURULNUUPUYRI TaNUTD X, ¢ 11U

2 Yy Y A~ o < 2 ) v .
lqllllaUj%ﬂqaﬂwuuuﬂlﬂUﬂﬂﬂllﬂuﬁuﬂqﬂim@ﬂiﬂlla$ ﬂ=9+¢ LﬂuuMLaEJ’Jﬂlﬁ)daEJTiHW (Headmg

angle) WaMeunuunuUaUUed lanusie x



=Y

sUf 2.1 L!‘U‘U%OTﬁ’EN‘VINﬁ)auﬁ"lﬁﬁlgsll’t’)\iﬁﬂ

U

v & Ao & v ) & ) o Ao o do 2 v

JUUNNANINANUDINDN U (P ) uagninanvedasrial (P.) VIﬁiJWT]‘ﬁﬂ‘]JHuEJuW]%llﬂ
X=X, +lcoséd

£ 2.1

y=y, +Isin@

A = Y A A Y [ A A v A w =
WasaNsTUUIUINADUNADNEY dUMININIAUMEATINeUNUNNA Tan %, y) SRTTRERICTITR Y

Y

suvvan
7= COSE
y, =u.siné (2.2)
16 =u, tan ¢
P = U,

A 3 3 v @ @ ‘dal Y 9 o w

e u,,u, unuisInenal Lag 9A5INIHEIVBIADHINAINEIAL

° a o v <
TagmvuasunansomaIvesszuuily
U, = U, cos¢

o using (2.3)
Ariklays

'
24 A v A v

A & g Yy o 3 v ¥ Ao 2
e u,u, BUANNGIVDIRONAAULAZANNIGIVDIAOHEN N MM UAT LI IMUNNeUNUNNA lan X-y

v

diovhmswasugluuuiaesluaunsi 2.2 vewsaiivunaoudondsldifuvesafiduindende
wihinaaafuilsdduvea 4 1218
X=U, cos
y=using 2.4
16 = u, sin(B - 0)
,B =U,

24



Tagaumsteduaz ldeeenuuuszuuaiuan lasaselumsnamuduniamsmaoun luiive

ao 'l

=\ W
2.2 msudasiing [13]
2.2.1 MIMHUUANTOUBIDA
2.2.1.1 N3O NDUNDY (Inertial Frame)
Yy a A Y A Y a A o 7 Yo A A
NIOUDNDUNBIUUABNTOUD1BINILI W2 gnAlFAUNYNITIATOUN
A o = o A Aa o 2 & o I o ' 3 ¥ Y '
YoYU FegatuiavesszuuinanNnumesiuansamuauduniclagnlaezuduans
a 1 a o g’u 3’, zgzl.l (% [ ?zl.z 1 o v 4 a
ANTUWAUAUANANG 3 LAUTUIZADIAININAY Asiua 1N Ta ldnnwees Tannunoennyiia
Al Aw o Jdo Y a A
WUAMNFURUTNUNTOUD D UN DY
1 d‘ = o Y a d‘ Sld' A ~
HAioANNAZAINIMMIIIrUANTB U D uRee 1A Nununa1a TanuTen
1 a 4 4 J
Fon11nseus9duReeunuNa1alan (Earth Centered Inertial: ECI Frame) 1Ag9aguéna1Nves
a o é’ v o o [ ~ ~ = 1Y d‘
FTVUNAALILNUALYAFUINA1NIAV0I Janaa31i 2.2 NIAUABINUANURDIVUUAY X LAZHNY
e 4 Aa a 4 o W
z 9% 1Un1anesuea 8aU0NT (Vernal Equinox) ttazaunsnyuyeunu lanawdiay Taguni
9
y vzmruanungioua lunsous199a1UY ECEF (Earth Centered Earth Fixed Frames) Hun13

o a @ < a : a ES
WyUIReUNUNTOUSNBMDY ECT Me0aT1AnusuTayy o, ¥alunseusieadany ECT 1

J v g a 3
NAMBIOATITITINNAD @, =[0,0,a,T"

d' 9 a d' =1 [ 9 a d' d'
qil‘l.l‘ﬂ 2.2 MINYUVBINTDUDWOIUY ECEF LSJE]W]EJ’Uﬂ’]Jﬂ’if]’]Jf]N’éJ\im’EJEI‘I/ILLﬂuﬂaNTﬁﬂ [13]

2.2.1.2 N9UB19DUUY ECEF (Earth Centered Earth Fixed Frames)

'
IS o a 1

a f J :
ﬂﬁ@ﬂ%uﬂﬁ%%ﬂ%ﬂﬂ']l,uﬂ@gﬁﬂﬂﬂuﬂﬂaWﬂﬂl@ﬂIﬁﬂ %QﬂWiﬁHuﬂl@ﬂLlﬂu%%

q

v o J a

o Y a A A 9 Y (% 3 a [ dy
UNNTNUNITDUDIWDIURDINIONTOUDWOILLUY ECI mﬂamnmwmnmmqﬂu

25



j _7.202115x10-° "4 2.5)
Sec

e

_(1+365.25cycle (Zﬁrad / cycle
(365.25)(24)hr )\ 3600sec/ hr

tﬂ' 1 g’/ 3 [ d‘ 1 é = [ a 4 d‘ g}/
19A1 365.25 umﬂmuﬂaﬂwuumwmﬂuaﬂﬂumguﬁa‘umwmm 1 59U WOMTHYUUY
s a A o & ? o lo o Jdo a
UINEAUNTPUS B UNBY muunﬂmmamwmiwyum@ﬂaﬂﬁﬁuwmﬂmmué’wamuu ECEF
Y Y
Ao w;, =0, 0,1]T oN muumamué’wmmmqwaﬂaﬂ (Barth’s Geoid) Uoansa1u15015a19

< ~ 13 Y 1 @ o Y
Wurssnvyuseuunused Tassznmualizilineveslanuazdlsuundiasusslinn9ves

9
Y

1 { < 1 < I [ HE
Tamiu'lifimsnasunilas e o, neziduuamszananarinillda
a a 4
2213 ﬂiE]iJETN?NT]N{]?Jmﬁ’G]‘J (Geographic Frame)
Yy a a Y o < v Yo o o
n3UBNBINNgiMmaasuuIziImuaitupmzd 1 IRduNMSAY Earth’s
. o Aa 9 a a 4 gJJ d’ d' 9 [
geoid Tagganiiavoansoud19BIngimaasiuszadoui lnseunusz uULaZIZ RN INDIN
o A A9y Aa o A Yy a a s & dy @
gat e P luunsdid19deasgln 2.3 Tasunu 2z veanseudedsngimaasinezy ud
~ o = a 2 v a A A Y a 2
moluveansGamanyuzyensaUnd uny x 1w lldnmniienuiaswazunu y a3 lna
Nz iueenawngiovnluszuuiinanin
A o A Y a a o g’/ A A
11099109 1AVBINTOUBDINNYUMART (P) HuIziAdou I
o ¥ < @ ? a a @
gUWIMUE AaiunnuueInseunvzuyl lmilougnueumvuznsluimmilensenaaz fuson
a a J o 4 ! 4 ' a a 4
INTIZMINYUVDINTOUBNDINNYAM AR T vziRoUNUNUNANUINDY HANTOUBNDIN N NMdAS
2’, " ¥ 3 Yy a A = A 4 Y a A a A a A A Y a a A
wululdilunseudiivunes Tavlidosdandesiniaunuaune 1. Aatioiuiaswasievile
9 [l <3 1 2’_, aa A 1 o @ ~ a g 9 g’/ =)
YDUAUUTINIMANUDIATIISHNANIINUANAIAY 2. A3 2.3 TasilnfAuaudunInInyeInsds
a { (BN} 1 o 1 1A 4
81999 (50Mszu1m Tae Earth Geoid) 92 lairu lilggudnatsueansss Huuainge P oglidugud

gATHIOBYMUIUIMAUNMTHYUYDI Tan

equator

31U 2.3 MIUAAINAANTENINAZAANDY Geodetic (M3 ¢ ) 1A Geocentric (A8 &)

Y

[13]

26



Yy a v s < o .
22.14 ﬂia‘uanmuuu“lm@ﬁummﬂamﬂuﬁaﬂ (Geocentric Frame)
Y a aAa Yy o Yy a N s L A Y a
NIDUDNAINNYIVBINUNTIUD NWOINWHYUAAATUUAD NTDUD NIV Y
. =2 A A ' o =) Yy a . dy o 1 1
geocentric YITINUANANUANAD LINU z VDINTDUD DIV Y Geocentric ﬂzﬂmﬂmtmmmm"lﬂ

Y 4

Y H vy Y
dagudnarsveslan unu x 923 ldaimuilonuies dluszununasminiuunu z dauunu y 931

a

nnaagueenmungievnluszuuiinanin Feziinnuadiendsnunsouddnegimdas

De

) <3 o 3‘/ a a @
wude unuvesnseunszryu hmilouqsusiunvugnsluiismilonsofiaag ueondlomail
Y a . =X ] 1 9 a d'
NIDUBDINDILUY Geocentric i]ﬂllinl‘lfﬂiﬁmﬁlNﬁNm’E]EJ
Y a 9 o I o A A A
22.1.5 nsouondwnylsyagudnar Tanuranianizi (Local Geodetic) Wi

FLINVTUND (Tangent Plane)

Yy A ) 7 < w ~ . y A
ﬂﬁ@ﬂﬁ]’l\?@\ulﬂ'ﬂi%?ﬂﬂﬁuﬂﬂa’l\iiaﬂlﬂuﬂaﬂlﬂ‘W’lZ‘Vl (Local Geodetic) HUAD

q L)

[

a A [ a dsl Aa o [ d' Y a dy [
NAUD AZIUDDN uazw%aﬂuiwuwmmﬂmgﬂm 2.4 noU0198IHITYNMYUA laensUSy

U

=

seududa lddudanU9381999UD Geodetic Nyaaula TasszunuduidzAnoguuganinuy

=]

dy a A Y @ A~ o a A = g
wumﬂlaﬂamwa“lmﬂuigm/mmmmmmﬂummmmumnmmwww (Local) ®699A192 NN

Q Q

o A 1A & = A g a A A Y a
AUiABgNIANINANVBINTOULVUUTIARMIZA (Local) UnY x 9 T efiariioNuiase unu z
4 a ] g Y a 1 < <
1w I ludmiadimunu Tanuazaimnnuags19os dauunu y andluldawngiioviuazdlal

gz Iuoonaaluglin 2.4

9 [
" % = o A

dmSuszunegiuMindisnyaduiiavesnsousravaniagiisans
A

U -~

] 1] 1 9
HAaSNIBUUUUISHIUTUNTISNUNY meeiz‘uuﬁmﬁmﬁauﬁﬁmﬁuummﬁzumﬁmﬁumzag

]
v A o a

{ a a I'd < a
nunluvmziyaduilavesnsousisaniaglimaasoz llsvaruasnuididdeslan szu

Q
Y Y

AsoUdBIFURT IV eeAT I 1% IuszuVINToUUUTNARIIZN (Local)

x=True north
oje()
" 4
7§

y=LEast

z=-Normal (Down)

“~Equator

~—Prime Meridian

v o

51N 2.4 NIPUNDUIVY Local Geodetic ¥i303zuuduialuszUUNAAS 19D ULO TURUT AU

Y

N30UB1909U Y ECEF [13]

27



22.1.6 NTOUBNBIVDIIAY (Body Frame)

Jq Y o 1 y o A A o '
Tunisszgnaldlunisiisesiuiagilscasaneiiorid i

s a g

<3 HE K v 1A @ ' {
ANUITMEI U UE AT UBgAUMITAMT TauIn U NAARIBGUUITUN UL AI0d AN

U

Y H Y i S
na1HIeTuAnIoud 1B IveiAg T IuNIe NI LZLAZIAT i D TAT N IA NUF U LTAS

A @ Awv a9
NYINUITUVUNNABNAIY
9 a o A ] d A o
ﬂi@‘ﬂﬂ?ﬂ’ﬂﬂﬂl’ﬂﬂ]@]ﬁ]i]g’J'NaQU]JJTJ‘L!EJ1H‘W1L!$‘1/]L§1E‘T‘L!1“’I]1J’E]EJ?1§QVI3JL!

Y 1o a o o

o { J o 4
mnualiegnuenay yaguinalsuens Iinn19ue g3 o9agUINA1NYDILIA TABNITI

U

o A a o { 7 ' Y o) ' ' {
yanuiavesnsoudveing lingagudnarwss Tiuarwesinguiuazdieasmsmnuivesaunis

4 1 c;y./ v ) [
ﬂ?ﬂﬂﬁuﬂ’lﬁ@]ﬁlmgﬂﬂElﬂfl'ﬂlluflﬂ313JL‘ViNTgﬁNfﬁ‘Viﬁﬂﬂ?ﬁ@@ﬂllﬂﬂﬁgﬂﬂﬂ]ﬂﬂuiﬂﬂllﬂu u ﬁ]ggﬂ
0 yxy (v v o = ST
ﬂWiuﬂiwﬂﬂmuwuwmmuwmuz UNU w %5ﬂWruﬂcl‘ﬁ%aQﬂmmwm&nuwmuzuazuﬂu A%

[ H 9
wilullawngiovnmuszuuiidania Tasiianisvesunuinaasaegdd 2.5 Wuldldllu

Y o 1% o

o ' 3 . 7 Y v o ¥ Y o
ﬁﬂHﬂ!%mW']&ileﬂugﬂlmﬂﬂﬁ]$1J3$Qﬂﬁcl,“]fﬂﬂﬁﬂﬂ']ﬁfﬂu, YIUATUN L‘IJLWI“H AUUTAVANY M [u,v,w]

9

Yo o A s =R 1
%ﬂﬁmmsmmummsnuwmuzwmaﬂmaﬁﬁuwmmmugﬂuuummgm [x,y,z]

3UN 2.5 szvvNAaveteIUNIUE [13]

9
v

< ' o a o @ a 4
mﬂgﬂ%mu“lﬁ}mnﬂma%@mmmsmguGIJENﬂSaué’wammuu%zﬁuwwﬁ(ﬂumaugnmlmmﬁaﬂ

Q

[ o

3 3

[ 3 o 3 a
Tasmsnyusounnuiaggnimualiilu @ =[p,q,r]" e p Wudasianususayusouunu
I @ 3 a I 3 A 1 o 5]
u,q nJuammammmgmammu viae r L‘]Jummmmwmammu w Iﬂﬂlmﬁ%@@iWﬂﬁﬁJﬁ’J

a £ I a o £ q 0 a 4
Fayuiusziluuanamngileviuazniouddeingiuee hilsnseuddwuuios

28



2.2.1.7 NBUB1NDIV0Y Platform

d'dy a Y a d'd' [ d' d’ = [
1UVIHQ$W%1§QHT‘I§@U6N®Q‘U@\1L%HL“B@TVI’JT\T’E]?QJJﬂiJ‘V]LiJE]LT]EJ‘]Jﬂ‘UﬂiE]U

Y
Y% )

a [ o o 1 { I : . . . kS a
5Nawmamwmuz ﬂﬂuuﬁ1ﬂiﬂ’§$ﬂﬂuﬁﬂﬂﬁﬂizEJﬂG]Glﬂaf}ﬂ’ﬂmﬁ’ﬂﬂ (Inertial Navigation) Y1 91N
' A a ' Y o D Yy A Yy a s A
IBUTLVVNITENI “Strap-Down” 1 UAY AU UILADILNIFAITENITOUS19DIVD UG UIEDITHI O

@ o A a o o A a 4
p19zAeyUsUNDYARITAYeINToUB19DIIAY TasgaiuiaveInTous19DIv0 U UITDS
o ¥ i <3 . o ¥ ¥ R o o I
p1vvzgni lasegas e lvun1d Fazdesimualiisaunnuamindenunaznuuaziiulam
A = Y 1ra g}.: 49! (% 9 Y ,d' 1 Y ) 9 a 4
nniouNBNAIe uaNAMINIzIuednuMIUszgnd lFauiatsnnll Taena ludamsndns

S @ o Yy a o A £ A v
WYUVDINTOUB DIV U UITS 11695019 198909TAYHI DOUNIMUZIHIZALLEZYY IRa1N
Y
VUABUNTDONUUVIEVL

14
2.2.2 mamlaanngeimwie

22.2.1 Miuasnnnsoud19deuy ECEF gniouseossiudund

emnualy AR =X, Y, 2] —[X%: Yo. Z,]° (2.6)

A o a

Taof [X,, Yo, 2,]° Aoaizudunioganuiavesninauuy ECEF sz UduAauuuusim
{ A J o WAL 1 o A [ &%
mwwﬁ(Local), AX® ﬁﬂl’)ﬂmf)iﬁll“W“Vl‘ﬁ“U?N388311/]Nclfhlll,@mg!,Lﬂuﬁﬂﬂ‘gﬂﬂnuﬂ“ll’f)ﬂﬁgu"l‘ﬂﬁhWﬁ
a { v o [} 1 a . 4 {
LUDUSNURNIEN (Local) Jdadumtisndesmsinsangansmennaes P =[x y,z]° 7

uanaluuny ECEF

H Aas a -d— a v w
1 2.6 FBmsudasninnseusresdwuy ECEF lililunsoudrsdawnuszunvdunalasld R!

L'

[13]

m3ulasanmeian ECEF luiing (x-y-z) Tugili 2.6 Tdsszuududa (Tangent Plane) luiifa
Y

' 9 9 '
(x"—y"—2") Tugii 2.6 Wuannsoadeldanmanyuszuy 2 assdauaaslugyli 2.6 Tasnss

HINVTUYUTZUIUTOVUNY z VOINNAUDY ECEF 1HATanUunuaz 1Uoonvo3s s ududads

29



o Y o ’ g’/ td‘ ’ Y (% (%3 L% t:'tiy %
mrualagldaals y aseiaessgnyuszurusouuny y Idasenussumudunand l1ds
s ¥ ' o <3| v & J a o
nﬂmmmmﬂ%ﬂﬁlmu zZ leﬂ@amwu@iﬁﬂu 2" aalumsudaannmesnnnnauyy ECEF Ul,‘]_l
Y v @ Y t t. e A e A < a o t A <
ITECUIVTUNTISUTAANIAW V' = ReV o v AoaMWT luNNALYY ECEF uag v Aol

seududa Taoi
—sin(g)cos(1) —sin(g)sin(1)  cos(¢)
R = —sin(A) cos(A) 0 (2.7)
—cos(@)cos(A) —cos(g)sin(A) —sin(¢)

o & o 4 v v A w A e e. .t A
muummﬂamuuwﬂwumammmamﬂizumﬁuwa‘lﬂmmmmu ECEF fo V ZRIV 4o
e t\T
R’ =(R.)
Yy a Y Yy a a 14
2222 Msulasnnnseuo1e@IUY ECEF vL“lJfJ\?ﬂiE]‘]JE]NE]\?“V]NQIJﬁ1ﬁG]i
9

Y a a 4
GlUﬂiE]UE]'NEN‘V]'NﬂiJﬁ'IﬁWTHUﬁ

U

~ 1 9y a A d oA
ANLANANITNNIDUD NIV UDUUUAD

oD

v
Y

o a 9 a a 4 =1 d‘ (% =1 @
1) AN UUAVDINTDUD NOINNYUAMTATUUNNITAADU Vl‘]Jﬂ“]_lEJTL!‘W11’i‘L!$L!ﬁ$i]$3Jﬂ1‘iIﬂiH]ﬂ°lf‘l!

=L

(43

a Y a o T

o Y a o F) a
i]ﬂfﬂlu@]ellﬂﬁﬂi’ﬁ]“]JE]N’ENEHHW1WH$@\‘]‘]JH’N%EHQ’OQ muumumuwmmuwmuﬂuﬂiaumam
a 4 a a ° < o v o A
nagiimndaine x° =[0,0,-h]" Tagashga ¢ nazandadga 1 Muuailuduniavesganuiia
Y a a 4 Y a 1 d . 1 1 4 < ) [
ﬂiauanmmmmmmumﬁmm 2) uf axg =[0,0,-h]" ‘LilsnmaeianuEidimsy

o v o

o ¥ 7 3 A Yy a A e d o = P
YIUNTIN U muunnma*smmwmﬁmwmﬁﬂuiaﬂiuﬂiaumam ECEF 9 Ve =ax SEILINIAD T

@ ' a a J [ f
ﬂﬂﬂanﬁ’nﬂiﬂLlﬁﬂﬂuﬂiﬂUé}NENVINQIJﬁKWlSlM)@Nﬁ

9 _ RY%C

v, =RV, (2.8)

1 @

A ¢ e & ul ' s 7 o 1 Y a a ¢ g
DLINIAI Vg Hu 3JGLGIfi’)uWuﬁﬂlﬂﬁl?ﬂL@@ﬁﬁTLlﬁuqsluﬂﬁ@ﬂ@']\?@\?ﬂﬁlﬂgllﬁ']ﬁﬁi x® Tag
<

a

]
A v v 7

1 4 @ Y a a o A g T
drlsgneuveannweianuTINdinsnu lanlunseuswaingimanine v°2 =[v,,v,,v,]

v
=

I U o < a a [ o
‘ﬁ)’ﬁlﬂuﬁﬁuﬂigﬂ’t‘]‘Ule@QL?ﬂL@]@ﬁﬂﬁTNLi?ﬂluﬂﬁlﬁﬁﬂ, NAASIUDDN, LUUINIAIATNUNUUDINTD U
Y Aa a Jd 4 g Z}, = = v W t 1 1 [ ~ g
NIMNUMAasIazINMeINMInYY R? Wuazhzilunu@ernuny R! uauana1anuasan R

) 91 a a o I o 1 ~
wannalasliniazige ¢ nazaoddga A Fuiludumiavessumriug o nanauls Tuvuy
A < a 4 ~ 1 a a A o Aa v W o &

1 R dumsngasilagldaiazfge ¢ nazaedga 4 Nganuiiavessnududa aiun

aumsn 2.9 a2 la

Vi (Ry +h)é
Vo =| v, |=|cos()(R, +h)A (2.9)
v, —h

30



_ v -
¢5 RMV+ h
iy Al=| ———— (2.10)
f cos(g)(R, +h)
_Vd

A A v A a A o A a A A o A g’z = (%

4o RM ﬂﬂiﬁll"llf)xﬂ\iiﬁﬁﬂiﬁﬂiuuu’)m’ﬂilﬂﬂu, RN ﬂ@iﬁuiullu’m\iﬂ1ﬂua$hﬂﬂi%ﬂ‘Uﬂ’J'}Nq\‘]
= A 9 a

MUDWNID WO

2223 mindasnsousevseumnue ldinseud1evariges

—»e

N\

4 @ v J a o a o 1
Eﬂﬁ 2.7 ﬂ’J”IiJﬁllWL!‘ﬁig‘Vi?NfJTL!WWWU&Lﬁ%iSﬁUUWﬂﬂﬂiﬂ‘Ué}N@Quﬁ@Q [13]

D-

a 4 ~ Y 3 (= Ao A < 9 a a 4
LN@W%W?Q&TLW@ﬂWimgﬂV] L= zuaay AU 2 STUUNNAND 1) Lﬂuﬂﬁ@UﬂN@QVHQQNﬁTﬁWE
o I < a o < v o d
vy (o, e, d) 2) Wunseudedanumvuzmruaiiy @, v, w) lasanudunusved

4 1 a a a 4 g}/ o
L’Jﬂm@i'5314'JNﬂif)’]J5}1\‘1ENfJ”I'LlWTﬁ1!3Lla3ﬂi@‘U’gN’EN‘VINQM?’nﬁ@l3uuﬁ1ﬂ1§ﬂu%ﬁuﬂiﬂﬂﬂ1§{1%

a J g = Y1 [ J Y o

WNInEMInyY R? B39z lasiunuyuessaoidsznoudioyunyu (9), yuwe (0), yurum
o & s a a J v W a {
(@) muunnmasﬁuﬁmGl,unieuéjwmmqgumﬁmﬁ01uszumﬁuwmmumnmmwwﬁ

(Local) mmimzﬂaﬂﬂgjﬂsanéﬁﬁqtnuwmuz"lﬁ%aﬁl%uuaaﬂma%ﬁ’qamuu%mﬁ'u%g"lﬁ’
1 0 O0jceg 0 —s@||cp sp O
VV'=[0 cg sg||0 1 O ||-s¢p cp O|V°
0 —sgp cop||s@ 0 co 0 0 1
copcl SpcoH —-sd
VP =| —SpCh+Cpshsp  CoCh+Spsfsg  cOsg |v°
SESP +Cpscy  —CpSp +SpsHcy  clcy
VP =RoVe (2.11)

31



A g <2 <3 9 a a 4 b I < k) a
o v Lﬂuﬂ')’]uli')ﬁlltlﬂﬁﬂﬂfﬂ\‘]@\i‘Vl'l\‘]ﬂ“iJf”f"Iﬁﬁﬁ,V L‘]JummLiﬂuﬂi’a‘umﬂmEnuwmumaz

fmuald ox=cos(x),sx =sin(x) Taeimsuaammesuvurndie1d vo =RV = (R))'V’

2.3 INANANIIASIVAVVAINAVI [14]
53‘1J‘1Jﬂ']iﬁ5'J‘Dﬁ'ﬁ]‘Ua’ﬂﬁﬂ‘lﬂ'l\‘lﬂ)uflﬂ'J']ﬂJﬂoH‘]dJufij'N?J\‘]?hW%JUfnﬁﬁaﬂ‘ﬁaﬂ’a\iﬁﬂﬂlﬁ'l\u!‘ﬂ‘ﬂ

Y] A A o ¢ ] o 1 A A ~ Y a A o g}z
oa 1uia LW@'NIQ1J33ﬁ'\iﬂﬁluﬂ'li‘U\‘]‘]JfJﬂ@nl!‘ﬁ1!\‘]ﬁ'\iﬂﬂSU'J'NWllﬂﬂﬁﬂﬁluWﬂﬂIﬂﬂﬁﬁuﬂﬂﬁuﬂ (Global

Y
= o

' 9
Coordinate) Hazdidawagonugndeslumsuaunandenavindie awiuluiideiivziuaue

v | Y Y Y
MATANITATINAVAINAVINFINTUADUNAN 2 VUABUAD 1. YuaaUmMsulasadoyanin

4 4 1 a o { a g’/ o 1 A
IUe3aIre3 (Laser Range Finder) THogluiing Tannuidv 2. vuasumsmiduniedanaui
9 a A dy A .
Taaldmataununa1sensnTeunTedsiui (Occupancy-Grid Map)
a o 14 4
2.3.1 msuasiinadeyaninwuaesiames (Laser Range Finder)
A o ¥ Y A v 7 ¢
119991 TUMINIINeUBNIMIUUIT AN IF ¥ UsD5Ia1505 (Laser Range
. o ] o g’/ = o a 1 A Ay 1
Finder) Tumsihmeaalunszurumsminavazdssunaraiuianusuiluegwssndoaasa
a Aa v A A I o 1 A '
MINazAge, aosagauazoaaganionugelUitludumis x, y, z ieanudeuazdzainluns
i 1l uavdude 'yl
- msutlastoyalidinsouseduuy ECEF Taeldaunsi 2.12
X = (R +h)cos(g)cos(4)
y = (R, +h)cos(g)sin(1) (2.12)
z =[R, (1-¢&*)+h]sin(p)

A A o A
e o _ a Aosrivedlan
\(A=€*sin(9))
A v A9 o
a flo SANIGUAUIGAT = 6378137 1NAT
h fi0 32AUANNGIHTEANGIUNTOUS BV Geodetic
“ K
e fim ALY = 0.08181919

A

¢ Ao azAYA (paFN)

A 710 203739 (93711)
A o 1

x A0 Mur U TuuumNY x (1WA3)
A o 1

y Ao aurue luuunnu y (uas)

A o '
z Aoauriua luuunu z (tue9)

32



- msuasaninnseudedeuy ECEF lilgszuududaannsom laneaunish

2.13
X t Xz e XO e
Y| =R Y2 | —| Yo (2.13)
Z Z, Z,
4 —sin(g)cos(4) —sin(g)sin(1) cos(g) - .
WO R _| _sin(a) cos(4) 0 |wmIngmsnyuiniina ECEF 1
—cos(g)cos(A) —cos(g)sin(A) —sin(¢)
gasgunudusa

r e

3 1A g Yy a
Yo ﬁﬁ] Glnmuummucluﬂiﬁmmﬁmuuu ECEF

Y, Ao durian 2 Tlunseud1adauLy ECEF

t
A A A o 1A Y v o oA v W
y | D izﬂzmimaau‘nmnmtmmnumu"lﬂﬂmnmuw 2 lusgunudure
z
J J Y
- msutlasioyavousuireasiames (Laser Range Finder) Tdawnalagsu

NaMWA (Global Coordinate)

] v
a A v

Tﬂﬂﬂﬂﬁuﬁ'ﬂmmmwaaua ﬂﬂGU’N\‘]LL‘]J‘Uﬂ1ﬂu@ﬂ@1ﬂ13uu@1%%$é]}®\ﬂ%}

v Y
[

oA 1 Y Y= Av Ay YA v s I .
Lmumaiﬂmmm%mmu,mm"lﬂ%ﬂumm%u”lmaaﬂglwlfm%ﬂm%i (Laser Range Finder)

A ~ ' s s ' "y Ay v s s
NI9019L3YNIT “LALEDITUNUIUDT” Iﬂﬂﬁ’)u{lﬁﬂlﬂlﬂﬂa‘ﬂhlﬂﬂWﬂL"ﬁuL“B@ﬁLal“Bﬂﬁ (Laser Range

] Aav a & 1 A v - J 1 a o o &
Finder) 9¢0g luninaigaaiiua luaiuide 1ddsegnd ldaunisang luszuuiinanin  aaiunms

9 9

ulasnnszuunamvadussuuRnamna s ldaai
X, =rcos(d)
' A (2.14)
y, =rsin(6)

A A Ay ¥ J J . Au a &
ar A9 53U%Tﬂ\iﬂhlﬂi]'lﬂlﬁh'ut“h'ﬂﬁmlcﬁﬁ)i (Laser Range Finder) Tuszuunnamav?

A w o s
6, Ao PIMMIAUNUVDITOYATZEZNNIA IAA 81U 5IAI¥0F (Laser Range Finder)

A 9 A = [ A o
XI A9 VDUATSISNININDINIUNULUNU x Glui%UUWﬂﬂﬂWﬂ

U

y, An Yoyaszermaiioifiounuuny y lussuunnanin

(% A Y J 4 . Y a o
Mad9 1IN asvoyanIniyuesIaes (Laser Range Finder) 1Woglussuniing

Y ¥ 9 a J A Y 9 Jd a o y
ﬂ'lﬂll,a'Jﬁ]'lﬂuu%%Gl,‘lﬂllﬂiﬂclfﬂWi!l‘]JﬁQLW@Glﬁ"lJ’E'Jll"aLﬂl%@i@giuWﬂﬂIﬂﬂiﬂNﬂﬂﬂﬂﬂ (Global

9
Coordinate) Aaaun1369 11)3l

33



o [RotationMatrix(3x3)] Yo || % (2.15)

0 0 0 140

[ [

A Ay ° ' A Y s 7 . Ao

$V13) Pt O VIYAUDIATHUIIAYNIAAIYLTULIE DTG DT (Laser Range Finder) GlUWﬂﬂTﬂfJﬁ'JiJ
9

M UA (Global Coordinate)

a J 4 v W
X, Ypr Z, A0 un3nsmsdouvossiuwinuz lussunuduna

v
[ [

A 9 o ' = Y J 4 . A w a
XI ) y| A9 VBHUAVDIANUHUIIAYNIAAIUFULYDILALEDT (Laser Range Finder) 1uWﬂﬂUiLDm

RN (Local Coordinate)

cos(f)cos(er)  sin(@)sin()cos(er) —cos(F)sin(er) cos(a) cos(6)sin(F) +sin(6)sin(a)
R=| cos(B)sin(e) sin(a)sin(B)sin(d)+cos(e)cos(d) cos(d)sin(f)sin(e)-sin(d)cos(e)
-sin(4) sin(6) cos(f) cos(d)cos(f)

A A A o Ao P
(119 R A0 WNINFNINYUNIANNYUDOBIADS
v v
Tagh 6 Ao yueIAmINMINA (Roll) [13AgU]
A Y . 2
4 A9 YUDIFANNU-138 (Pitch) [151A8U]
o 719 YUBIFMMIHUMUBIN UM UL (Yaw) [151A0U]
] 9 ]
2.3.2 IMANAMIANUNUNANTIINIATOUATOINUN (Occupancy-Grid Map)
A 2% g a & 9 A A 9 ° '
matdattuiumatadosdulunsasnaeuaanavielages lammizdumua
1 9 Y Y
Ypaanav1 IuiAa TAg3 IuNaMUA (Global Coordinate) 1111 IAguUIANUAAILIDIAUUD
Y Y Y
MANANAD X a31901519 2 ¥HATUL TATAII 1LV VI NITEN TN “A1519 1A8TINNINUANT © (Global
Grid)” 1azmI LU UNADITINI “A15 LT NURNIZNYT (Local Grid)” Taguaazyilauodnisig
g L] ] = A I = = A zi} A A v d & 1 J 1 =
Huvziuilusesmmasuang ez ivinariefunaundesams  sauuludiuae lazaanie

an Y

v 1 1 9
’JﬁﬂﬁﬁiNﬁﬁNuﬁ3ﬂTiU],@Q]Ill1@\3@7%&%‘”\1ﬂJEN’L’f\‘I?]W’IJ’]1\1“]/]!,1,’(:‘{@\111!&511‘51\1@\‘1‘1!
2 Y A g ~ A dy A [ a & ddy A ' [
1) L‘ill@l‘L!l,ll’E]g’ﬂﬁﬂﬂ!‘ﬂﬂﬂﬁ’é]’]J’Hif]W‘Ll“V]ﬂ1i“l/]N1u*ﬂi\‘]uu3JWH‘1/]L‘1mll1’ii AN
v

. 2 S ‘ 4 4 da
HUFWNIMNUANT 1D TAITINNINUA (Global Grid) YUWINOUFIVUIAYBIAIT T IHASUN]

< = 1 7 aw y 2 o I @
VUIALANDIATYNI “Lyan” (’H%’E] Cell) Glmmnaﬂﬂu%mwuﬂﬁ’waamum 2x2 1IN T @NE‘IJ

Y 9
%

A A o g X R ' o I A A
Nn2.8 IﬂEIGUu'IW’UENGni'I\W]ﬂ1Wuﬂ%uuWuuﬂgﬁu@QﬂUﬂ’ﬂiJlmuEJHI@\‘]LG]f‘L!L%’@ﬁ%WL@’L’f (GPS) ‘1/]16]95}{114

miﬁmnmuwmuzﬁﬂﬁaa

34



Global Map

30 20 -10 0 10 20 30
x [m]

siii 2.8 uanuaalumsafiamselassauanun (Global Grid)

=\

2 ' < a 1
2) 1umumummn%um:‘ﬁ%’nm‘;nuuumnmmwwﬁ (Local Grid) ﬂﬂﬂll"liﬂf]
v

s P ' 7 : 7
a1 liyaguenanue 1T 19wl tlogaTI9AgUINa NUDITH FIUUIAYDIFAA IUAITIIUD
a 1 < 1w L g’/ [
UsNamMIEN (Local Grid) NAZIIAVUUIAVBAULSAA JA1519 1A8TINNIHNA (Global Grid) LAYUIA
2 - ; dizia |, y y
NINVAVBIMTNHDUVTIARNIZN (Local Grid) HHIZIUBGNUYNIASINT DI 8Z IUMTIAIIV0

[
I=$

Uz szgnd 19aaaaslugali 2.9

Local Map

4

4 3 2 E] 0 1 2 3 4
X [m]

‘I.Iﬁ 2.9 lLu’Jﬂ’NiJﬂﬂnluﬂTiﬁ‘iNGﬂiNLL‘UUUil’JmLﬂWT"VI (Local Grid)

35



=

o 1w o w 2 1 I 1 ¥ [
3) Mmuamiaatiilsz$1aa (Index) Fudu Taglduaazarsraiua o Nanuaaagl

2.10
oJoJoJoJoJoJoJo[]oTlo 0 0 0 0
ojlofJoflofoJolof[o]o]o
ojfofofloJoJolo[o[o]o
ojofoflofoflo[o]ofo]o 0 0 0 0
ojlofofof[oflof[o]ofo]o
ojofoflofJoJolo]o]o]o 0 0 0 0
ojlofoflofoJolof[o]o]o
ojoJoJofoflo|lo]o]o]o 0 0 0 0
ojlofofoflofo[o]o]o][o
ofofoflofoJolof[o]olo 3 = 3
PR WS - D I UAUNUUVUIDURWIZN (Local Map)

d‘ o 1 oo~ o w Y o .
31]71 2.10 MIMHUAMATHUTE197 (Index) TWnumsialagsaunarua (Global Grid) Haga1I N

HUVUSNARMIEN (Local Grid)

A A g

o Av) P ° 1A ] S 1w
4) ﬂ’]iﬂ’]\ﬂum@\‘]lﬂﬂuﬂﬁﬂ@ V]ﬁulﬁu\uﬁilgl}uﬂl@Qﬁuﬂuﬁuu@’]ﬂﬂfﬁmﬂﬂ@’ﬁ’]\ulﬂﬂ
P

a § o [ u’glz [
UFNUANIEN (Local Grid) HAZAI519 1AET IUNIHUA (Global Grid) ﬂzﬁmgﬂuquamwmwm

2 44 : e A 4 2 - 4 . A4
mﬂuumima’auwuamuﬂummmmuiﬂﬂﬂmiNgmumnmmwwm (Local Grid) agtpaeui 1

[

Y v w1 4 ~ < 9 a ~ . [ A a
WIDUNUAIUIUA Qgﬂ‘ﬂ 2.11 99113 NUUVUITNIURWIEN (Local Grid) ]liJﬁi'J"l]WUﬁ\‘lﬂﬂsU'J'l\i
)

1o oA a & AL AN\ 2K o Y Ay
ATMAFHUDINTTINNG 2 G]fu@ﬂfﬂgvlﬂuﬂ'llwneuufﬂuhlﬂﬂﬂﬂﬁlﬂ’lrﬂll'lﬂcﬂﬁENﬂ'li

* dumidaiming

S
N\,
N
A

0| @N | O 0|l 0] 0] 0] O
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
urnsiiuuy Tags e (Global Map)

a A ' [l A a A A °
5‘].]‘7] 2.11 Luﬂ?juﬂuﬁﬂlﬂﬁi'JWW‘U?NﬂﬂGU'JWQGI,uWH‘I/'Iﬂ'IﬁVHQWH

Y



9 a d' . A A % dl d‘
5) MMINVVVTIURNIEN (Local Grid) ATIINUTINAVINAIZUN 2.12 uwui
] v Y
HUVUTOURNIZN (Local Map) dzdWanLaziaasnaenayvegluiiamie lvunnivuiahdoya
] ' H Y
n1dnnamsruuuuSnammizi (Local Grid) TiUSunlaeudeyaluaisialagsiunanua (Global
<3 1 A =Y g’/ i o 1
Grid) NaznsINTINAVINegUs N TnuluaisiaTagsunariug (Global Grid) nsdifemn
' P 1o T A a 1A a ~ A ~ ~
usualaou Tluadiad@sfavnsegi@auunuinuuusnamwizi (Local  Map) 92313
4 Coog 2 o 4 2 12
nasuuasaunuiuny TagsIunarua (Global Map) v lunlasuniauiiesnindenavieeg

a ' Al o oAaA 2 & X T A~ 3 ' '
Lﬂul!ﬂﬂguﬂ'lﬂslfu'V]ﬂﬂﬂsUu“]NGU‘L!@Qﬂ‘]J'JW]ﬁ']ﬁ]‘W°]J'ﬁ\iﬂﬂ"’U’NQ!ﬂJ‘Llﬁ383!,361111!11!“/]']"1145

o ' kY
* aunvaihwune 0 0

0

e 0101010
\

01000

00100

P a =
UHUNUVUUITNURWIZN (Local Map)

0 0 0 0 0 0 0 0 0 0
OSND VO 0|0 [0|0]O0 0 0 & oA

e AUAUITINAVIN
ofofofo]o]o0] 06070
oylrse o 0 0(01]0O0 0 0

ol/8| O 0|0 [0|0]O 0 0 . —_ »

g o T T T 1L L mlmumuﬂum
0[O0} 0 0O|0T0|0]O0 0 0
0[0]|O0 0|0[0|0]O 0 0
ojojofoflo|lo]O]oO 0 0
0 0 0 0 0 0 0 0 0 0

’
7 00 [0][0|0]O0O]O0O[O]O]O
@ dmising s
AMHUUTUAN upunUD 1Ag323313% A (Global Map)

a A 4 A A A °
51]‘" 2.12 L‘JJi’)ti‘LlfJu@l@]i’)ﬂWUﬁQﬂﬂm?’]\‘ﬂuwu‘ﬂfnﬁ‘ﬂ’]\ﬂu

U

2.3.3 FLUVATINADUAINAVIN (Obstacle Detection)

H Y
v A %

v o o Y o A A ] { g’/
Patedagni vyl nasnegluuwununy Tagsunanua (Global Map) Hue

De

. . 04, A , ao
wsh 1 1d0u1dgndesienisasivaeundeyativimiluasiavase 1 Tuauideiia

(43

ax o

aa & 9 A A o A Y a A A o ~ 1
EU0ITIUIAU IUNITATINAOUINOHIAINAYINNUNITITUNUNNITINNUEIN “9TANNU
y ) . A
(Threshold Method)” 35Hvzdpelinsmamnasgiueanuainlalunmsuen e simiunieluy
2 P . ¥ Y 2 o4
M15191A83WNINUA (Global Grid) ludsnavneIagenazinmsnaaeudivalsralonsnsuie
1 = 9 A I oA 1 A = 1 dyd | Ao w 1
MIAURABYOITOYANI D1 UAINAIAIIIZATEUAQUIBLINANINTIGA  FantiluandiAyae
Aa a A A I ] A [ o &’ Y A A
dszansnmlumsasndeuminaunuiluedweelagrann13ninulesnune Wen1319 Iags
g’/ . A J J v A o 1 o asAy Y
NINWA (Global Grid) HANNNNgUIAgUN 2.13 szuvazihmarin lduivnaisalags

Y

9 9 i 9 1
NIMUA (Global Grid) aUNUAINNNY (Threshold Value) Lﬁ@”lﬁ’"lﬁjwammaﬂm muut’ﬁmmamﬁ

37



S 1 1 Jd o v A A ' g
DDNVUINAININNIFUYA Qgﬂ 2.14 ﬂ‘i] mmiauu%"l 14 %ume%muuﬂumﬂﬂﬂmm

U

=S

9
MnUA (Global Grid) ms%mﬂﬂm’m”haﬂmmuau

Q

ol el 0| 0] 0| 0O ar o 2
auuaMANNY
0100 oo o ]o]o
01010 0 T 0 T 0 0 [ o | (Threshold) i 150
0 0 0 60 70 0 0 0 0 . Va4
Ll L LT e AN UITINA

0 0 0 0 0 0 0 i B v S Do

W VINNLUNDITI
0|0 O0]o | 0T ofy0 ] O OO
0o lo]olo] o] o] 6°felo
0T 01010 0l o0 o0 00 o] Funinjuui
olofolololo]o]o]ol]o
o|o0o|o|of|0 |0 |[BJOG|0]|oOo

H 4 1 4 2 Qy 1 9 1 ]
317 2.13 1WerUEUANTINDTINAYIN 1 FULATTOYATITOYHAIBNA YT

o

o ¥ ) T § <
m’a"lﬂﬂ1ﬂ%umguu’aumﬂmim 150NN (Threshold) umfuzmmmmmmumuﬂauﬂu

o ] o [ a o @ a v J
A luuuannu x, daumdeluuuanuy y YosdaRarazth 11 lusanes Aunuuauudng

'
a

1 [ g‘/ [ 1 a A I 1o & ] A
(Potential Field) a0l aaiudasisnan ldadumaiamsastaasvasnavnauiuadansuilusgiass

o ' o o 2 o wa A a a
Tumsihliganudisrvesszuumaiimuraznaunandanaunauuon luianiidszansam

ojlofJojlolo]lof[of[o][|]o]oO
01 0]0 /0 BICA NI =]
olofJolololof[o][o]o]o
0| 0] 0 [-9 80 o oJo o )
0 0 0 0 0 o el T e ﬁ'l!!»?i‘l:ixiﬂ\]‘f:]ﬂ
0 0 0 0 0 OF sl 0 0 0 YNNI
oloflofJo]of]o]o] o[ 0"tz0 o
AU UBUA
g ([ o|o[e|o[e o000
ojofJojloloflof[of[o]|o]oO
ojlojlolo]o[]o]o|[o]o]oO

‘l.lﬁ 2.14 @]131QTQEJS’JZJVIQWZJ¢] (Global Grid) LiJ’EJ‘VI”Iﬂ"ISﬂﬂﬂ“L! (Threshold) LLE‘]’J

38



d
2.4 MAHATUINANE (Potential Field) [15]
[ A A A 9 a o d . . é Y o
MINAUITZVUMaUNAnaINaYa Tasldmaliaauiudng (Potential Field) a9 lanan
4 o ¥ 1 o a a v J
TUsunsulu MATLAB ionaaoun1511a1uv095uuinouiiu 19uase matiaauiudng
. . k) o Y o 1 1 A 9 A =1
(Potential Field) ”lﬂgﬂumﬂ%ﬂueemwwiwawma“l%“luﬂﬁammumﬁmaeumawuaummu
o va K 9 a o A P ~ ' o A a A '
on 1117a B9z l¥msInTIzHN A A aaINANIS fmmmmﬂwﬂizamgﬂm 0619 15A a1
Aa o [ 1A Jq Y a dy 1 Y Y A ~
nuiteduIngtdszgndldmatativzyudunisud lvdyninisaeurunisinaouilu
Y ~ = ~ 1 Aa oA 9 I ¢ A
anmuaadou bilimsdeunlas ualuniwl §iia anmwedevszidlununamaniniinig
= ° ' A A ll v ¥ o= & a 7] ke A ~
nasuuilasvesiiumiavesdanauIegnaaaal ATuIInIauyagIulissvuTMAaeun lu
Y ~ 1 [l AA A Y ~ A AY Y = Aas a
amwnadouh liuiueu Taelidenavnaazdhmineinaoun ldlunnvae Felulisveunaiin

o o . . g Yy & 24 o & . . & v
aUINANY (Potential Field) HUvz a3 1 uWlansufAng (Potential Function) #41/5¢nouaie

sy o o = = . .
24.1 ﬁm%uﬁﬂmmum@ﬂ (Attractive Potential Function)

WL

Car Robot

‘].Iﬁ 2.15 LLH’]ﬂ’NlIﬂ@LﬂEJ’Jﬂ“UﬁQﬂ%uﬁﬂﬂl!‘ﬂ‘ﬂ@\iﬂﬂ

a ) [ 4 ) I d v Y] Y] o
T%ﬂﬂmgﬁ’aﬂqﬂ%uﬂﬂﬂuuuﬁmssmﬂﬂmumﬂuﬁaﬂ%ummswawmmuwm

5°m1wuaumm uJWimﬂmawuaummuuiﬂﬂm"lﬂgﬂmma% zgnivualdegiisegiun Tu

U

v @

a | 0 &)
N137 Elunui]zLﬂuﬂ‘iﬂﬂ%uﬂﬂxumﬂjmL‘i’JGU@WjuElummz&ﬂ1wn1a%umﬂ%1uﬂ1iﬁiNﬁﬁﬂﬂm

o

v J A g’u a Iq a a A
fng uﬂﬂlﬁuﬂiﬂﬂuu’ﬂﬁﬁﬁ]ﬁi$ﬂ$ﬂﬂu1h1ﬂ5$Qﬂﬁ1%1uﬂ1§ﬂ‘i$mu@'lliiﬂu%ﬂ'l‘i@ﬂ@]'lll Lye

4 ~ ) o J A A o [ =1 ] = 3’, [
fhvnaaaounansudnduuu@unldaumianesedrudoniuae iauso s 1d Tasasaas

9

‘ Y A8 q ¢4 o @ y
asnvzgnl vy lv luhifsnsudnduuufsgaazannsoudas ldarsaumsaail

Uit (V) = Hptar H ta HVtar H (2.16)
Tag p(t) wag py (d) mem@11uwmmamuﬂummm”hﬁmaﬁn’m t AuaeL:
p=[xyz]" luBgluvvawidanie p=[xy] Tuliginvvaeia

= 3 1 J 9| = o w
v(t) 1ag vy, (t) uaainennuidivesueuduazihvuneh t muaay

39



< v o o J . . J 1 J
[P, (t)- p(t)] Wuszozmsudadining (Buclidean Distance) szviiajususuaziilning
A
e t uag
I 3 o o 7 ' ] ' y
v, (0 -v(0)] Dumnusrdningsznhajuonduaziihmmneina t
I~ v P
a, 1ay o, Wummnarinduuin
T A g
m waz n Wumasniuuin
Y o ' = 4
1NTIRTUANGIUURIA (Attractive Potential) 130 U, (p,v) vzlianinlndgudnaeiiiossozni
v o 3 o o J ' ' s 9 < s Y sy o o =
duinsuazanuErduinsseninaguouanazithmnedugud udrlensudndunuga
2 2 S o o J 1 1 '
(Attractive Potential) W30 U ( p,V) 92NTUMNTZEZNNIAZANUTITUNNTTZHIHUEURIDS

{ A 2 7Y o ' < Y
hvueiimuiu §1 o, =0 wag m=2 udrlendudnduuuasganuluiszaagdTiluiandn

U

o J @

=2 o A v a P o w dy
Anduuvasgatuuna luidnienldluglvesaumsmasdosnail

2

Uatt (p.V)=Uatt (P)=cp|ptar ()-p(t)| (2.17)
~ A Y < 1 J A 9, = A . .
¥ lilidoyavesnnuGrvesiueuarsodhnue ussdegaiaiion (Virtual Attractive Force) 9290
o Yy 1 a o s w = . . A g s
mmualiiumanauvesnuFUUeINanFUANHUDAIGA (Attractive Potential) NI UNIAFUV0
o w2
AUNUIAITL

oU p
Fatt (P) = -VU . (p) = —gg( ) 2.18)

9 o du o o = ' . . A <3| o ¥ o '

A uNanTUANauDUAIGA 1M (Attractive Potential) H3® U (p,v) azitluslanduveansdmniia
<3 1 dw Y o . .

p UagAIULII v 61]@Qﬂﬂﬂuﬁ@N‘L!‘L!ﬂ’Jﬁ]$ﬂ11’iuﬂ!liQﬁﬂ@ﬂllﬂﬂlﬁﬁﬂu (Virtual Attractive Force)

9

ﬁJuﬂ'ﬁ@amlmmm%’uamjmﬁqf‘fﬁi’;’uﬁﬂ&muﬁq@ﬂﬁlﬂﬂéqsﬁuﬁuﬁ'&ﬁumﬂmazmmﬁ’; ALl
Fate (P.v) = VU att (p.v)
=V pUatt (p, V) ~VyYatt (p, V) (2.19)
Ut (p.v) U (p.v)
op oV

@ o 4 v o ] < o w a
Iﬂﬂ@?ﬁ@ﬂ p tag v Llﬁﬂ\iﬁ\?ﬂﬂ'llﬁ]fuLﬁ'ﬂL‘ﬁElllﬂUG]HH’THQLL'@%?]'N?JLTJ@”@J@W@U Glumiwmim1

Tavfi v pYatt (p,V) = wag V pUatt (p,v) 7

9
N9 o

[Wo@enA1 m uag n UV dAUNAAIL
U “’11 [ v A [ d‘ o @ o
(P V) vz higunsameyiusiiensy p @ p=p, dm5U 0<m<1 uay

v
U g =

] J A
"luﬁ1111iﬂ1ﬂ’é)1§wu“ﬁL1/lEJ‘1Jﬂ1J v N v=y,

tar

FMSU 0<n<1 MNaIAY ANUBY M uaL n NILIADN
° (R~ 1 o [} o
vnlFenezdluauvgvesiaym luuisau uanee hidulymdmsumaih T 1Faulunng

=
NI

40



o Sy o o <3 1 I
msdszgnd IFnuvesiandudndanuisiaunsonss il uaesseianae Jam
< 1 '
mstduihuuusgasn113a (Soft-Landing) taz Tayrinisiduiuunwadrld (Hard-Landing
< 1 J 4 {
Problem) Taon 15t udhuunazasn11ui3a (Soft-Landing) nunedajusuamaowaivuimuien
A a4 g 2 v o & < s A ] 1 ¢ "o < Y
ndeu meanuEIduinsasauilugudnionnusivesueudzminuanusweuihnine
[ 1 1 3’; 4 § S A
dyumatidhuunyadrld (Hard-Landing) Wivazwmedamsmasuidihminenuuauysaiie
1o R K 1 < Y 1 4
p=p, laohididimanudvesthvinouazvesiuoudiag

9
[ Y

A ) o ° = v
Wuiie p= p,, 1oz v=y,, unu lldimssnaussagas lai

Fatt (p, ) Fatt1 (p) + Fato \V ( ) (2.20)
-1
Touit F ttl(p) =Mma, Hptar(t)—p(t)Hm MRt

02 Pz (V) =, [vtar (0-v(t]" Vi

I . a 1 o @ <

Tag ng, 1WunAesnilaiae (Unit Vector)wcﬂuﬂﬂmﬂﬁuﬂm"lﬂﬂui’jmmmmz Ner (HU
s & 1 . =2 a 2 o o J 9 A o s
NNNOFHINNUIY (Unit Vector) HAAIDINANINYBIANUTIdNNNT Vo uihvueieunyuoua
= A =2 1 4 o
usefaganie F, 1ulsznendieaesdau Tasusadauiinia (F Faa (P)) 98@9tH8ua 1184

v U 1 4 1 1 {
Whvinenazezieaaszezneszninusudnaziihvuieas dauilsgneuvenssdiuiaes

o q U1 s A Ay 3 = v o Y
(Faro () vzmenenin liusudainaeundssanuiudeinunuihming
4 1 o ] 1

#1 m>1 uaz n>1ieyuosudiiIndihming i |p,, (t)- p(t)] daudilnd

4

AUy F

o i lndeud mammﬁ:}mawuﬂuﬁiﬂatﬂmﬂUﬂmmimﬂmm1&1 F.., Noziinndrlng

Hy ”mumamml,mumawﬂ:1mgiammwuaummﬂﬂammamummgﬂmum Llix‘lﬂﬁﬂﬂ Fu ﬂi]w

e

a

ln

De

’fju‘c’l a$ﬁumaﬁuEJumﬂa@ummemauazmaauwmﬂﬂ31mmmﬂ’muﬂmﬂmuw L3N
< 4 2 1 o A ~ Y v v 9 o & 1 < @
u%gﬂuﬁua ﬂzuuﬂuﬂumzmaauﬂ"lﬂmﬂﬂuﬂmﬂmmamEl ANUUAT M LA n L‘IJ‘LW]’J

Y

)
ﬁeg

99

Ao w @ Y < . 1 ' ] o @ 9
Llﬂ‘i‘ﬂ’fﬂ ﬂlu’(?ﬂ‘ﬁi‘UﬂWiﬂ1il"ll1l‘]J1LL‘1J’]J°]5$ﬁ'é)ﬂ’ﬂiJLi’) (Soft-Landlng) LLG]’E)EJNhliﬂGHZJﬁTI’TTUﬂWiHH

dhuvuwedld (Hard-Landing) 3¢ lufidesinadmsua m wag n Alla mn>0

41



2.42 W4 ﬁ FUAN ETLL‘U‘U Nan (Repulsive Potential Function)

N

» =
h
~ /
Car Robot \ J

\

‘l.lﬁ 2.16 LL‘L!’JFI’JHJﬂﬂLﬂfJ’Jﬂ‘UﬁQﬂ%uﬁﬂﬂlmﬂwaﬂ

ad |

¥ { A . 4 { D 3
Tumsuddyninisnandesdsnavsinaounuu 334z 19 ane

mmmmmmuwmﬁuwmmm mmmﬁnwmz‘wmnmwuﬂumm ﬁ\iﬂﬂsll’JNL!,a UWNﬂ%ﬁ IN

v d

< ) o X . . 2 A T 2 A g
WulansuAnguUUNan (Repulsive Potential Function) UUN Tﬂﬂﬁﬂgmuaumﬁmzﬂanmmﬂu

Y
ﬁaﬂﬁvuﬁﬂmmuwaﬂ (Repulsive  Potential ~Function) LL’U‘UGl'I’TiJGINSJﬂﬁGl Ty amﬁumumaz

ag ya
ﬂ')’liJlfl"J"U@\?ﬁ\?ﬂ@eU'J'l\i LW@iWQWﬂiuﬂ?i?Lﬂﬁ’l ‘mm QTﬂ@]@ﬂ?’liJLsU'lclﬂﬂ RVEY] Gh/i Q‘fi]ﬂell:]'l\?fl

o < v o 1 4 A 3 ~ & A Y 9
g‘ﬂ‘ﬂi\iaﬂﬂmZLﬂuLL“U‘]JIﬂﬂ@@ﬂLm%G]’J‘kj‘ufJLlGI%$QﬂW%1ﬁm1LﬂULWﬂQWu\1§ﬂ LWE]i‘ViHJﬂi]LLﬁ%

Y

< Y U o o (% o ) ~ R =
VOUNUMINATEF NWINFUANSUL VNN (Repulsive Potential Function) !,L‘U”Umlszuu PIVEAINITD

aautlaslumsii lszgndl¥lumalfiiaes s Tasmsiinsangisiauasvuiave sy ueudin
v 9

s X o 9 o 1 3 A
T Tuanauil Tasazmmualddunua (p, (1) 1agau37 (v, (1) vodganitiszesnaduiga

D.

q

9
[ o

[ A A 1 ¢ A A [ 9 [ < 4
TEHIN NINAVINUASHUIURA ‘nmmsaﬂsxmmWammﬂ"lﬂnﬂmmznm ANUUANULTITUNND

@

[ 1 o A a a ] v A A Y dy
TEHINUUIUALAZTINAVIN GL‘LWI?WINﬁnm{juﬂu@(‘lﬂﬂﬂﬁx‘]ﬂﬂﬂl’ﬂx‘lﬁ?llﬁi]?i?llﬂﬂTﬂﬁiJﬂ”liﬂﬂu

T
120 ) ~L0) v ()] o o2

A A 2 o o o ' ' 4 A a A <3 ' 4

1110 Vo ADANUITITUINT 52NN UEUALAZAINAYIN, V(E) ABANUIETIVBIUIUA, v, (1)

A 3 A o 2 s & " daa X : v A o Y

ADAIMULTIVDITINAVINLIAS Nro ﬂf]nﬂW]@5WuQwujﬂﬂuﬂﬁ%inﬂﬁuﬂu@ﬂlﬂﬂQﬁqﬂﬂell'J'N 01 Vg

Y 4 A ' A a o & A A ] 1o & v
<0 llaj?juﬂu@ﬂglﬂﬁ@uﬂ@ﬂﬁ’lﬂﬂ’]ﬂﬁﬂﬂﬂm'ﬂﬂ ﬂ\‘]uuﬂ'ﬁlﬂa@uﬂﬁaﬂﬁﬁﬂﬁ]ﬂquﬂ“ﬂu 01 Vg > 0

A a

Y ¢ A A g Y4 A v & A A a =2 o & Y o
u,amuaumzmaaummﬂﬂaﬁm@mn ﬂ\‘]uuﬂWilﬂﬁE]u“lfl’ﬂaUWﬁﬂﬁ\?ﬂWU’JN%Qﬁ]'IHJHGI@QVH
Al A 1 4 A A 9 YA A [ g’z ~ g‘u
Iﬂﬂﬁllllﬁ'ﬂ“m’)ﬁW t ﬁuﬂumzmaaummﬂﬂﬂamﬂﬂmw ANUUTCYZNININT U

q

~ v ' 4 A a Y & @ a A 4
NgasznINyusuatazainavees idludinls Py (pobs(t),p(t)) TagNa1s NNy ueua

42



[

A A v A A A Y o ' Aq ¥ ' ’q Y
Lﬂaﬂu‘ﬂulﬂﬂﬂﬁﬂﬂﬂsll’ﬂﬂﬁﬁﬂ VRO >0 mmwumummmwmngqa (amax) ‘I/lﬂlfb'ﬂ‘UﬁLlfJLlﬁﬁlﬁ
3 Yy v A s A Ay Y ~ 5 < o
ﬁ'llﬂiﬂaﬂﬂ'ﬂll!j’.]hlﬂ umszﬂzmmﬁuau@mmiama@um”lﬂﬂ@ummmgi’; Veo ﬂzamﬂuquﬂ

9 [ dy
ansam lannaumnatl

2
v t
Pm (VRO) - %RlO() (2.22)
max

9
o

2 o o o A o A
axuuué’aﬁm%uﬂﬂmmuwaﬂ (Repulsive Potential Function) %mmmuﬂm”lﬁ' Ch|

0, if ps(P-Pobs )—,m(VRO )20 OF VRO <0
1

7 ps(P-Pobs )-Pm(VRO) PO

not defined, if VRO>0 and ps(P.Pobs )< m(VRO)

o d @

A ) s 3 . . 4 9 X A a
o Urep lsununanyuAnSULVNED (Repulsive Potential Function) N&TNUYUIINTAINAVIN, £

Urep (P.v) = , it 0< ps(P.Pobs )-Pm(VRO )<pp (2-23)

I ' AA g Aoda a ' a A A = < ' AA g
L‘]J‘Llﬂ']ﬂ\‘]‘VIWLﬂuU?ﬂVIN@VI‘ﬁWﬁNW%Tﬂ%?QWﬁﬂmﬂ\?ﬂ']ﬁcb"Hﬁ\iﬂﬂsll'ﬂ\HLﬁg n Lﬂuﬂ']ﬂﬂ‘ﬂ‘ﬂll]uu’lﬂ

ile Py (pobs(t),p(t))<pm (vro) Wy MafFudnduuumdn (Repulsive

an

. . ' 1y Y A ' ~ 2 A A o
Potential Function) ﬂzthfﬁl"]ﬁﬂW']ﬂ']llﬂluﬂ\jéﬂ'lﬂzﬂguluﬁrlll'ﬁﬂw'] TNILHANAYINITFUAINAVIN
9

[
A A

Y] ' s A A v A A 2 o o S A
ulﬂ GL‘L!ﬂﬁm%?ju&u@Lﬂaﬂumulﬂﬂ\jﬁ\‘]ﬂﬂ{’"'l'lﬂ u@ﬂﬁ]’]ﬂuufl]zﬁ']inﬁﬂﬁ\uﬂ@Ulﬂ'ﬂﬂuau@]ﬂghlﬂa‘ﬂ']ﬂﬁ

(%

Aavnuile Py (pobs(t),p(t))—pm (vrRo) = o ﬁﬂﬁ’msmﬁauﬁmawjuﬂuﬁﬁﬂﬂﬁﬁuﬂu

Y = 1

° ' A A N A A A A A A Y A ' 4
ﬂ?klﬁuﬂﬂlﬂﬂﬁﬂﬂﬂﬂ]ﬂ%ﬂlagqﬂﬂ?lﬂuﬁ@ﬂﬂﬂ’]ilﬂﬁ@uﬂﬁﬁﬂﬁﬁﬂﬁ\?ﬂﬂsll’l']\‘]@ﬂﬂ?ﬂ!kﬂlﬂﬂﬂu&u@@ﬂ

U

Tugsidumianasiaraniionsnann ps(pobs(t),p(t)) velidndlng p (vrRo) 1dn

U o 1% . . O 9 Y v s o o J
WINFUANIUV VNN (Repulsive Potential Function) 1 1ndN1917UA (00) LAZANVGITUNNT
' P A 2 L PP » { . . 3 4 X g
VI UIUA (Vi ) ZNNUULAE WINFUAN TV VHAN (Repulsive Potential Function) NIZINNUUAIY
Y 1 ] 4 A o 19 Y -4 sy o o v .
umrszﬂz1/1Nsz'wJN1;iuaummzmnﬂmwuu"lmmﬂﬂagmﬂ WINFUANIUV VAN (Repulsive
. . <3 9 Y v J 9 <3 o v J ] ' a1
Potential Function) N919921011nan1011a (o0) DMANUITITUNNTUDIY UIUA (Vg ) HATNINND
ﬂ5’1&1fTﬁJmiﬁmu@aumimaumﬁqg}mmﬂwﬂ 113IHAN (Repulsive Force) lUU

¥ 2 a PR 1A @ s o o @ . .
GI,WIIUUﬂFﬂZQﬂufﬂl]iﬁlﬂuﬂ']ﬁﬂaﬂﬂlﬂﬁﬂj'lﬂG]fuell@\‘lﬁ\?ﬂ"]fiv!ﬁﬂﬂllﬂﬂﬂaﬂ (Repulswe Potential

H Y
1 v o

Y
=1 [ 1 < [ @ @ 1
Function) w’ﬁueg UNIUHUIAEANUT U Y aalugumsmualy
Frep (p, v) =-VU rep (p,v) (2.24)

=-V pUrep (p, v) — VUU rep (p, v)
A 2 o o J ' S A A v A A a ' v A a
IDANUEIITUNANTUDI N UIUANDINIUNUAINAVIN 11!‘1/]?[‘1/]1&ﬁ]”lﬂ‘l{‘iuﬂuﬁﬂlﬂﬂﬂﬁﬂﬂﬂ“ll’JNﬁ”liJ”l'iﬂ

9 [ dy
W'lul,@ﬁ]'lﬂﬁllﬂ'liﬂﬂu
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Vro (t)= (V(t)—Vobs(t))T RO

= (v(t)-vops(t)) (Pobs(t)-p(t))/ [pabs(t)-p(t)]

A ST < L o
$V13] VRO (t)nRO Lﬂuﬁauﬂixﬂeummwwm V—VobS Gluﬂﬁﬂ%i%"lﬂﬂu&u@ﬂﬂﬂﬁﬁ\iﬂﬂﬂl'ﬂ\i

(2.25)

[l Y
e liidrla 1ddedn ssdmuald Voo Neg Wugaulsznouanus 2 lunia
Y

fidaninveq v ( ) 22 ldaail
RO RO ¢

VeoiNrot :V( ) Vobs( )_VRO (t)nRO (2.26)
RLUULTIHANIEIOU (Virtual Repulsive Force)ﬁ anfnuatu Iasdumisvesdnavinaezidy

0, if ps(P.Pobs )—Pm(VRO )P0 O VRO < 0
Frep (p,v) = Frep1+Frep2. if0< ps(p,pobs )—Pm(VRO) <ppandvro >0 (227
not defined, if vRo>0 and ps(P.Pobs )< m(VRO)

. N RO
Taen Frepl = 5| 1+ - RO
(25 (P-Pobs )~ #m (VRo)) N 2max

“VROVRO |

(ps ('O°|Oobs)amaxps (p’pobs ) = Pm (VRO)

HAIINNAMNTDFIUIBNITWDVAIGA (Attractive Force) LAZUTINAD (Repulsive

nay Frep2 =

)ZnROL

I o 1
Force) laud1vz32mi)uusaaiionsi (Total Virtual Force) MAaaumsaIuand

9
i’?”l‘ﬁ'i‘ﬂﬂidﬁdﬁ\? WU’JN?iﬁ”IEJ’E)‘L!L!ﬁ\‘]Wﬂﬂi’)uuuﬁﬂﬂiﬂﬁTuﬁﬂ!llﬁlflﬂﬂWﬁi’)ﬂﬂl@\‘mﬁﬂﬂﬁﬂﬂl@%ma%

A A A ° 9 A A d
AINAVIN Tﬂﬂl!ﬁ\uﬁﬂﬂuﬁﬂu%3Qﬂu’]llﬂslslfsluﬂ'ﬁ'l']\ulﬂuﬂ']ﬂﬂﬁﬂu(ﬂuuy@\i

2.5 NYMSAIVAN [12]

& 4 ] o 4 ! o o
Tagna lmandouvesueudnaoui la laelddeaunsoiua ldanuuuiaeanis

=1

aUNANI AL
X =G(X)u (2.29)

4 d av & s 3 o a
e X e R"ilunnam lvesnnmesiag ue R™ m<n) flunnaesvesdunalumsaiuan Iag

{ I A o a 1 a N {
aumih 2.29 Wuszuununanuuisusunatiosniesnodsz lumsnaeui (Underactuated)

9
v

daiudetmuadulnssuuusuiFeidul)Idiu X, (t) vazesnuuumdsdunau

Tagldngmanuguuuunniuiion (Pseudo-Tnverse)
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u=G*(X)X, =[G" (X)G(X)'G" (X)X, (2.30)

v y v & a ] A . PV ) < o

TagnsunJymiduiussinsmainnuanainnn (X, — X) auainnuEIveanned
. 2 : : . : -

uls X 3o X) uwldeuldawanudafidesms X, aumsh 2.30 wlianudanainves

] IR o 9 70 9 o A ) ¥ o o A
anuEaduguasailinslssgnalensnniumen (Pseudo-Inverse) dmiumaadune u lung

(3

9 Y '
msmmuumzﬁu@ﬂﬂumuﬂsamuz X UuUe

U

A a o A 3 Y o Y
LZJ@WﬁHiﬂHLL'U‘]J‘"lﬂfl@\iﬂl’i]\ﬁﬂ{luﬁllﬂﬁ‘ﬂ 2.4ﬂ%ﬁ?ﬂ?iﬂﬂﬂ’iuﬂiﬂﬁﬁuﬂiﬁﬂ11!35116\1531J1J X hlﬂ
Y

=
HANU

3

{

X = (2.31)

B

A I U A ) a A a A yay v A
e a>0 Lﬂummmm‘umu’m%iﬂ Iﬂﬂlﬂ’ﬁ]Wﬂ’lim’la‘Mﬂ’lﬁﬂ 2.4 Llﬁ$1%3ﬁﬂ1§WﬂNulﬂﬂM (Pseudo-

v ¥ v
Inverse) ¥4 G(X) aariuagld

1 . cospB sinf  asin(f-0) 0
1+a’sin*(B-06) 0 0 0 1+a’sin*(f-6)

o v A Y { 9 I3 Y <
tagngMInugNdImMSuAam U InasnaeIns X, = (X,, Yy, alb,, B,) sgnmviualvily

G*(X) = } (2.32)

y = €O B+, sin B +a’16, sin ¢
: 1+a’sing (2.33)
U, :Bd

A & ' < Y A ° P Ay =< [ I . . ;
e ¢={0,xx) Tagluvuaouae linizdedinismuuaniindoan1sa laun Xy, Y464, By

Y Vv d'

2.6 mﬂﬁﬂmmsnmuimssmumwwn (Local Incremental Planning) [12]

A o Yy A4y 2 g A AAQ ao ) o q ¥a =2 g Y

Wesmualiusenadavueglununniundaninudrngi liinamsaslniyuoud lu
v o B/ 9 o a A a 9 Aa 2 2 9 '
Q@]”ILLWiNHJTI’i‘JJTEJWi@‘JJﬂﬂﬁaﬂﬁﬁﬂﬁﬂﬂﬂﬂl’ﬂﬂﬂ’m Iﬂﬂllix‘l’ﬂlﬂﬂﬂluui]%ulﬂﬁﬂﬂﬁ’ll‘lﬂﬁgﬂﬂﬂﬂlﬂﬂ

= A ° Y = ' a ' A ° Y1 o a A a

usamm:ﬂszvnuuaawunwEmafmmmuazmuﬂizﬂa‘umzmﬂmjuauwauwaﬂmﬂﬂmn

Ff,y)’ I:r = (Fr

'
@ a

Y 9 '
WuazInaTunNUdeniaeddo 13N 2.17 sgdmua F, =(F F,) AvLLT

fx? X

o Ay 9 Y o w 7 oAy 9 g
nsziiindentuazdenas mudwuuag Tuwuannszinndontiuilu (M,)
wermua X, =(x,,Y,,ald, B) Tagi

X, =J(X)X (2.34)

r

a o = Yo A
llagLiﬁ/ﬁﬂG]SI,L‘U‘U%'IIﬂHJEluﬂ%ﬁ1ll'l§'ﬂllﬁ@ﬁllﬂ JU
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YA

R 4

d‘ o’ti' o w
519 2.17 usauaz TuwuaANAIZINUT

U

0 Isin6 O
1 —lcos® O
0 1 0
0 0 1

I(X) = (2.35)

o O O -

A 9 Y Y o o A A A o A Y o & 1% r A
LW@iﬁﬁﬁ]ﬂﬂa@\iﬂ‘]JWaﬂﬂ’li‘V]’N’luLﬁll@u LUDLLIN Fr 1/]ﬂig‘ﬂ'l‘ﬂa'ﬂﬁaﬂuuﬁlgﬁﬂﬂﬁﬂlllli\? Ff N

o A Y 9 a o W = v o o 2
NITMNADUUNLASLLINUA Mg ﬁ]$ﬂﬁ8‘Vnﬂ“]JﬁﬂTﬂﬂﬂzﬂﬂ'ﬂuﬁﬂwu‘ﬁﬂ\ﬂuﬁiﬁﬂiu

l:fr,x I:r,x Fr,x
F F F
=0T = \ I (2.36)
M, 0 I(F, ,sin0—F,  cos0)
M, 0 0

(2.37)
M=M,
Taousesamuazusedavzii I 1Fluszuunne x,y, 0
' . o @ ' . . . 4 ° I a
Werimsmieywusidulnesidesnis (X,,Y,,4,) el Idiusuwalunis
9 1 v
YoundunvumFadu (u,u,) suinudedinmsauydlddunlsimsnasunasioglndifieeny
o . . o 2 A = n Y
AN1I2AIA7 (Quasi-Static) AIHUNINANMIT 2.36 easadonTna lailu

X, .
. |=kiF Gy =kiM, (2.38)
Ya
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A 1 A I S Y v o a £ ] Aa 9 Aa o
ieanaiqiiunin (k. k,,) >0 duaareiudulseansanuniiuuuFuduiagFayunnAu

1 ks P 4
Tumsaaugu u) Tdedauyssiamisom ldoneyius luaunsh 2.36

1
i
!
I
1
I

i
\

“ :"\ Bi=", N
|': ”;//Ba \\\\\/ﬂ
31] 2.18 sudenile By p—p<ml2 (10) 110y ,Ba—ﬂ>7z’/2 (¥21)

o Y = o 2 = ' Ay A Y
wasnniuInmadluma@es u, nsdl F 20 Tasanuidoans £, Tugii 2.18 eunsam 1@

391
(2.39)

B, = ATAN2(F,,F,)
By = p-arcsin(sin(5—,))

A
$\)3}
uag (2.40)
A A a v 9 A A ) Y A

$\)Q} ﬂa ﬂ@igiJ‘ﬂﬁ‘ﬂNﬂJ’ENl!‘Nﬁﬂ’ViuL ,Bd ﬂf]‘laliJ‘l/]ﬁ‘l/H\WENui\‘iﬁE]“H‘L!WWI’E’Nﬂﬁ

! b 1 Y { Y v d' [ 3’1 4 a
uaz B, —F fAemanuAanalnvewuiaeIdentin laauaaslugiln 2.18 auiuie g g

@eany B, 1wl
(2.41)

S BB+, (=) =0 K, >0

d {57 . FF,—-FF
ot (B—By) =sign(cos(B—B.))(B— W) (2.42)

o J 4 = @ 4
Llagf]1§Wu‘ﬁllﬂﬂllﬂﬂﬁ?uﬂl@\?uiﬁ‘ijhLﬁ’ﬂlfl/l‘(’J“]Jﬂ’]Ji$‘Ll']Uiullu’)u@uﬁ'm'liﬂ'ﬂ'lhl@s{ \Tf!

R oF,
F X X oy
N :VF{},VF: (2.43)
Fy y & &

oX oy

A o Y I - g =3 A @ v & 4
nnauMsn 2.4 wazmmua liilansu sign(x) Hunaasdunsorunevenants x aaiueg 1a
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(2.44)

U =— kﬂ(ﬁ_ﬁd) n ul [—F FilvF{COSﬂ:|
* sign(eos(8-4,) [FF- Y  Lsing

{ 3/ < 1 4 y v ?zl.l A
waf lauuaziduandunanmineaunsoauso lusuihwineldasunamaunanaana

o was 9
VNWUVOA TURDNAE

U
2.7 MINTIMAINU [13]
aAd § 4 a 4 <3 . I
TaginadeMisidesmsiiodnsiziszuunae o namileszunlaniuy (States) 1
v Y
o619 lsuazaouzaesszuuldsundasaunaitediels lumslfifdesasimsmianiuzves

] A ] A 9Y o w @ 1 [ 4 P 9 v
5$°1J1JhlllElﬁmi’ENlefwﬂzjﬂjﬂmﬂmfimﬂﬁ%m%u ﬂ'J’]thljJﬁinlﬁmsllﬂﬂlcﬁulcﬁﬂiﬂiqjgﬂaﬂ'luzmﬂ\?

Y
v 9 o

4 [ I o g’/ a
szvvuazanuaatanasulunisdta dludu Mldmsmanuzyesszuviuuiesaiudeanseyi
v O v ¥ ad A g Aa 9 1 a
Taomsdszanaaniues Tastammsdsznaaiuinsszvudueoudadunazuoy T
] a y & a A~ o 2 v & 74 A 9
W TSV VA UL UAD TS VUNULUUIA09U095 s VUL INNDT NI UN NS ULU LT UT Y
14 ~ a 9 2’, 79 Y o [ a
YOIINABIANIUL x 1AgTUNIAUVBITLVVIFUFUU UL A0 52gna 1FaINTOI Ty IMLUVIF
Y ' o YR o o A Y Aq Y ~
wulumsdseunamveainmesgniug x “lﬂmmﬂﬁmﬁﬂujﬂunmLmmwmuﬂwmmmzﬁu%qﬂ
v @ o
UUNAD AINTOITYDIUAIANIY (Kalman Filter)
@ @ A Yy A EaRl
ﬂizmumiﬁummﬂﬁmﬁmyq}nmmamummswUmewgﬁjuumiumﬂmﬁm@mimm

2 o [ 4 N [ g}/ o [ 1 g’/ 4 o
Fududmiunmaesaniug %, NaI91NUUIZVVIZIINITO AN luudazTunauNeAILINUK
1 I'd VA ~ [ gf/ ~ o I4
alszumveanmwmosaniuz vl & Nan t, wasnuunnalindu t nnwesanIuzIIn
msdsuuda % vzgndmandle X Iasldainaunilsisiusan (Covariance) wIIUIBMIAT
o L Aq v o ) 0y 2 o A Ty Y o
BN319818 (Gain) N1 unsonan lasaz lgn10gnumsnuA191INMTIANNaT t, Haf1ssuUUULY

o A 4 3 ~ 1A 9 9 = 79 Y o ~ [~ Aa
u:mJmammmmmmfmsmmszumﬂuszuuﬂmmmu%mmumsﬂizqﬂﬁ%mﬂsam”lmﬂwm
@ UAIBBUNY D105 Y Extended Kalman Filter (EKF), Iterated Extended Kalman Filter (IEKF),

. . o <3| Y é a g’l 9 o
Particle Filter (PF), Unscented Kalman Filter (UKF) 11Juau aelumatia EKF Huaeannmsulag

o A AAd 1A 9 Y 3 a 9 1 Y X o w
guvsraeamsmasunniuuuy luFadulridussuunuuFudunouuditaansatingInsea

a Y 70 Y Y v

mammmmwﬁu‘u1ﬂ'§$qﬂ¢ﬂmm”l@wuﬂu

F2
(%

@ o < o a o J
G]'Jﬂi'fNﬁﬂluiy1mﬂ1a3J'IUHJull°U‘Uﬂ1a@QTl1Qﬂm@ﬁ1ﬁﬁic§ﬁﬂﬂﬁﬂ%@ﬁ1ﬂ Eﬂ@ﬁw % AUTU

U

=

s A ' [ o 1
(Rudolf E Kalman) fgailszasaiie 14 lumsiszmmaninmsiangndunalunmisdszaaaiain

U

[

' A ' A ' ] o 1 1A a 9

meazEJ$nawmamuaunmiumuiugﬂuumjmawmmuﬂuLmummm !lﬂ%ﬂ?‘ﬂwaﬁllﬂiﬂﬂﬂﬁ
[ = Y a2 A Y a U oA 9 [ 1 o A

ﬂi’é)\‘iﬁi‘luliLﬂﬂ!L!’]J“]JﬂTﬁ1J1uﬂ$11ﬂ311161ﬂmﬂENﬂW]LL‘VIi]iﬂiﬂﬂﬂ’ﬂﬂﬂnul@ﬂ1ﬂﬂ1i’3mla$ﬂ1ﬂ1u’3m%

a 9 1 v o ~ ° Y} S ¥ 1
INYIUVDININNUVUDINTITIIA GI’JﬂifNﬂTﬁ1]1u1|ﬂ1§u1llﬂcl“lfﬂigiil°h'ullﬂﬂﬁ?ﬂgﬂl&‘ﬂﬂ LBU NITANAN

48



(% I @ @ o ]
daygrasuniu dudu Jegiumsnsesdyaiaununaniu (Kalman  Filter) gnihnn o1
1 1A 4 4
unsvane Tagmmized 198 lusnaaivoamsysamsdoya (Data Fusion) tie 14y sanmsdoyanin
4 o 1 1 o v {
wgesatenUsznnelddyaimsuniu (Noise) Minvateunasnlgswnuludnvuzinena
(% A 1 Ao . o 1 Aq ¥ [
AemaszunuvesdnIuzyeesz DN (Optimal) A0819veesz DU IFMsnTeedynIn
' I
HUDA1ALY (Kalman Filter) T&1n n131501m1359035501 INS/GPS 1iludu
A A @ A A A _ a 9 a o J
dennsandwlsanuzvesszuuindoud (%) osueTagldaumsiFeoyiusuuy
a Y 9 (Y [ A . . [ dy
mmau°lugﬂmawayjammmmﬂmmum (Discrete-Time) A4
X =d_ X, +G 0 +W,, (2.45)
A A o AN Y Y _ zszl.z [ 4 A o Y
ilo W, Aedanasuniui lasaunudinlsamuzvesszuy X, 1y druedyavesszuuiiala
(Yo
Y = H X +V, (2.46)

[

A A 4 A o 9
o v, ﬂﬂﬁm@?mﬁﬂﬂ?um@ﬂl@WﬂWﬁﬂ'Jﬂulﬂ

9

Tageruyd v E<Wkij> =Qd,Jj, ua E<vkv}>: RS J,

v & A

] ' Y
AIUU WoNMTAINIaT t =kT ﬂﬁﬁ%)Nﬂﬁﬂi%iﬂﬂ!ﬂ']ﬂ’lllﬂﬁﬁﬂﬂw Xk MHVZAUUUIZEINTD

Y1 [y ° v Ayvd X B o o o 1 9 k-1 Y a
udlvTaeldan y, Tduazezdmualian ldiuvnegiumsdaludduneunth {y,} . saunsdl

U

= 1

[ { 1 a I A . .
msdszaai luliend (Unbiased) 11w %7, = E(X,) ¥9A1nuu1s1)59u (Variance) vos
Y v :9‘1
sTUVAINTON Iaaail
RYy = var{(% )& ,)" | = var {(6x )% )" } (247)
é LY L d‘ g’/ 9 ?f, [ v 1 dy
Famsmmawlsaoiuy X imangawinlsznouaie 2 Tuaeunanaasae 1l
d’ a [Y] L 1w = [ d‘ [Y] g}/
1. ienasaniaglszasalumsdszanamdlsaoiug x, uazlulimmsianna t, aaiuns
A v ° R g\ A 2Nz A]]4 v 2 22
Uszmnusuauszmmualmiy R Wwensosrusavuwiuaivennvuaeuiiilunmsissum
dy 9 . . = Y1 % 1 [ g’/ = Ul v Y @ A
111998 (Estimate Prior) ¥4 19a1n153alnsiaue aarudslaaimsaandadn lddiaunisn 2.45 oz
Y
&
E <Xk> =¢,E <Xk—l> +G U, (2.48)
+
= @—1Xk—1 + Gk—luk—l
[ gj/ 1 d' (= a . Z d‘ Y 1 1Y
agaiumslszanaainlifiond (Unbiased) ¥93dualsaaiuginan t = kT 925010 UA191ANT 39
a0z ld
X =4 KX +G U (2.49)
v A . 1 dy 9 g’.;
Tagmsmiainnuuilsysiuvesnnuaaimnaesu (Error Variance) 1un15dszunannidosduiiy

307 1AINHAAINUBIANATN 2.45 LAz aumsn 2.49 a2 la

OX, =X —X =@ 0%, +W,_, (2.50)
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& - - T T
1o R = E<(5Xk )(0%) >=¢[(,1Pkt1¢[<,1+Qdk4 (2.51)
H 4 1 ¥ 3’, [ 1 [ ] A S 1 [
2. At t=kT (Wemsdszmmaniesduinldswnuaimsdalng) Taeld & Wluaimsiauay
1 a v A _ o g’/ 2K A 9 A A d‘ 9 o 1 A
mAaNuAana1nlumsIane Sx, AU 2 gateyanuANNeIeINUM X, AO
X, =X —Ox, taz var(ox,)=PR (2.52)
¥, = H X +v, uag var(v,) =R,
Faneswdadlszanaimnzan & dmsu x, szgoud ludreainiald §, Taenasninnlasu
RS oIrneLdrgumMInUSunadmsua1uuls1591159 (Covariance) tazdlsaniuznia'ld
A
fo
-1 —\-1 Tp-1
(R) " =(R ) +HR H, (2.53)
R=% +K (J,—HX) e K =P'HR* (2.54)
= Y1 v 9 g}/ A [ [ ~
Feo1anod;il ldnarnsesmanuilsznouaie 2 Yuaoude 1) msdsunaasaunsi
v [ 9 9
2.49-2.51 2) MILA lAIMIIAAIAUNITN 2.53-2.54 TAgaunIsNNa1ININUIZUNINTZIONING
Uszanauazanuulsdsivvesnnunaiamasy (Eror Variance) 9na8d3a1uuslsiuveq
[ Y v
ANUAAIAAAD UL UIZINLAL IUTIUVDIAIONT VN (Gain) Tumsiszanamaaruz luuaaz s

'
Ao v o

9 b 1
anslminazih llgmslddoyamsiansslmindunmsnunnqaiu (X, P) ldmunzauiga
9

[ % Y v g
\‘]L!‘Llﬁ’Jﬂiﬂ\‘lﬂ?ﬁ‘iﬂuﬁ'ﬁﬂﬁﬂﬁ?‘ﬂ‘lﬂﬂﬁu

dmSvuszuvez 1d % =@ % +G 0 +W (2.55)
Y = H X +V, (2.56)

M3lsuna X =¢ KX +G U, (2.57)
y.=H, % (2.58)

R =¢.P ., +Qd (2.59)

M3 luAmsia (R =R ) +H/R'H, (2.60)
Ky = Pk+HIIRlzl (2.61)

& H% (Mimasnnmiia (2.62)

X =% +K (¥, —H.X) (2.63)

=

4 o a Jd o .
TaeiioR1n1531A512HA1NMA091NN157A (Measurement Residual) 396131501810
a @ Y 9 J A Y o @ Y o &
MEINVAINYNADIVOITOYAIBUITDTHIDAINYNADIVBIDUTIADITZVULAZNTIA IR A1
aumsdsummsdadmsu P uag K, g
-T T -1
K.=R H, (HPFB H, +R) (2.64)
R =[1-KH, IR (2.65)

{ 4 o a < 1 (Y {
Taoaumsh 2.64-2.65 Wavhimsigaindrazwiu I8 umsuaunsi 2.60-2.61
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2 Y

o kS ’q ¥ % A X
AnsedmanIuiuaITalszgna lgau la lagrainvatemaiin 99599ud2 U1
A A 29 ¥ Yy 9 o A v ! A A & a wa
malanlszgnalsnuiudeimsnaimmuiantesnnluvaznuunatiaiulguanianms
° A o Aa 1 & 9 2 YA 3 YA A A o
MuraysdavnanI Wudy  FegvenTdsunsvaztlugiaenmaianmunzaunuauuag
L o w [ [} 1 (Y] [ { 3’1
aunsodszgnaly ldludwudaly TaegiluunvesmsiSoainsiadeaunisi 2.60-2.61 1iu
[ 3/ (B ’q ¥ A Y = 9 a LR o Y
voensd hinosazainlunmslszgnaldauiiesninizdoslinisulaswnduue s naaai v
[ o < 1 ] L a a

@eonawaziinnugeoinlunisiiuam elasdiulnaudrlumsdszgndldaueisazdonld
AUNTN 2.64-2.65

Y
[ Y

] Y
aaiuaumaaInsesmamunuudeyaduavuuy luseiiie (Discrete-time) dmnsnagil lanedl

ms1ehi 2.1 aglaumsdinsesmaruuuudeyadiaviu luaeiiie (Discrete-time)

mMsfmuaiFuAY (Initialization) % =E(x,)

Ry =var(x,)
MIMUIUAIBATIVENY (Gain K. =P H{ (R +HRH)"
Calculation)

M3UTUAINGTIA (Measurement Update) )A(; 5 )A(;Z K (yk - 9k)

msUSumnnunsisiu (Covariance | R =[1 =K H, IR

Update) R =[1-KH IR _Kka]T+KkRkKkT
R =R KR+ Hkpk_HkT)KkT

(R =(R) " +H{R'H,

4 A A
NITAIANITUTDIUE (State Prediction) R =P K +Gu,

2 : 3 T

anuulsdsrununannanuaaiawnasy | B, = @R O, +Qd,
4

lumsnian1sal (Prediction Error

Covariance)

2.8 szUse LY (Inertial Navigation System 130 INS) [13]
2.8.1 wanmsa 11veasz 130 9UIABY (Inertial Navigation System 139 INS)
T2 lludrszuuiiiseauuuines (Inertial Navigation System W38 INS) 9%
UsznouA 01511505 TA1T9AINITS (Accelerometer) 3 LAY LAZ 1B UIDS TAAINT T3
(Gyroscope) 3 AU e 19 5anmdalu 3 5@ uag ’?ﬂé”mwmsmus@uuﬂuﬁ’q 3UNU MUEIAY
Tagsz1 INS az1lszneudiumanaiulszneunuy Tsdaman (Solid State) simmseduInajes

9 < A A ] 4 a ¥ 7 v < A
ﬁi?ﬂlﬂugﬂll‘ﬂ‘ﬂ‘ﬂliﬂﬂ?? “Strap-Down” HUADNIUBFULIHDTIANITULI IBIY Y (Gyroscope) Uag
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PRI ' = a o ] A X AY aA =
EYULEDT TALT AT (Accelerometer) 92 TAAANU TATIAF1UVUAIN Faldoaned 1u1A1T
A ~ L ' " Y a vy 2 % 9 Pl PP ' v Y A 2 A
IAADUNVBIFUTIUAI AU WA UITA0 1 Fr0 T WIITNNANNGINNFUFOUNINBIVUIND

1] Y 1
1#lun1smiauazuena MU UFUFUNLRII 19 NINAIULT AT TINNIYUHL U 03 UIHD
= o Y Y = o 1 T oA Y A Y a 9
Meunuusaliuoaevealan Taguiuniualrinsiiaanusuradunuiasqlydlslunism

Y
AU UIVDITIUNIN UL TAINTOUNNTAANVITY 2 ATIATHINANIINITHUIN (Orientation) 91NN
a a @ ) ¢ o I~ a 1A o 1 °
duinsasasImMinyunialannausesian1uE FaN (Gyroscope) UAaipi 1151053171
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ABSTRACT

In this research, we propose and implement obstacle
detection and avoidance methods combining with a
local incremental planning technique for navigating a
car-like robot, equipped with GPS, IMU, and laser
range finder sensors. To detect an obstacle, radial
distance data from laser range finder is transformed to
cartesian coordinate and mapped to a global
occupancy-grid map. Thus, obstacles in real dynamic
environment can be detected from a probability of
occurrence in the global occupancy-grid map according
to a specified threshold. Then, an integration of the
local incremental planning and potential field
techniques employ obstacles’ location from the global
map to plan a trajectory from the robot current position
to a desired target position. As a result, the vehicle can
seek the target and avoid obstacles at the same time.
Results of a vehicle simulation, developed in Matlab,
reveal that the car-like robot can approach the target
point and steer away from static obstacles according to
an instantaneous virtual force acting on the vehicle
center. Experimental results show that the proposed
navigation method, developed in Matlab, can detect
obstacle and avoid static obstacles and navigate to the
desire target waypoints in the global occupancy map.

INTRODUCTION

In present, autonomous and semi-autonomous
technologies have played an important role in our daily
life in wvarious fields, such as communication,
harvesting, = manufacturing, and transportation.
Particularly, modern transportations on land, in water
or in air, are somehow contained an autonomous or
semi-autonomous function, like a cruise control for car
and an auto-pilot for airplanes and boats, to assist
human driving and to reduce human error. To avoid
frequent car accidents in Thailand and around the
world, most active controls with network
communication have been developed for automatic
parking, preventive crash stop as well as autonomous
driving. For a few decades, researchers in both
university and automotive industry have been interested
in developing a completely autonomous car, like in
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Drappra grand challenge or Google car, such a smaller
number of accidents will occur on the road.

The autonomous system architecture for car is
comprised for two main systems: control and motion-
planning systems. Analyzing information from dynamic
environments in real time is performed by the motion-
planning system, such as Probabilistic roadmaps [1],
Cell decomposition technique [1], Potential field
technique [1] or Vector field Histogram method [2],
which the algorithm of interest. The objective of the
motion planning is 1) to evaluate optimal path from
current position to the desired location with respect to
specified quantity, 2) to generate commands to several
control systems, including low-level controls, and 3) to
receive feedback signals from all sensors. Most of low-
level control systems employ a PID control or a
feedback linearization control, which can be applied to
our research.

To achieve the autonomous navigation with obstacle
avoidance capability, two main systems: perception and
motion planning are required. First, one of the popular
perception techniques is to measure radial distances
using a laser range finder because of its accuracy. S.
Geyer and E. Johnson [3] demonstrated three
techniques for obstacle mapping with data from the
laser range finder 1) grid-based map, 2) map scrolling,
and 3) confidence algorithm. According to J.
Borenstein and Y. Koren [4], their perception method
used a certainty grid map or a fixed-size grid map,
which is similar to that in [3], and contained simple
map analysis as well. Moreover, S. Solanki [6]
introduced a traversability-grid approach, which is
better than the certainty grid map since this map always
aligns along the North-East direction. Also, the robot is
located at the center of the traversability-grid for safety
in obstacle avoidance behavior. J. Roberts and P. Corke
[5] descried a threshold of gradient method for building
the terrain map. Likewise, R. Zou [7] basically detected
obstacles in general environment using a threshold
method which in this research, it can detect obstacles
using a stereo camera and a radar sensor instead.
Second, the motion planning performs the obstacle
avoidance and the goal-seeking behavior at the same
time, which employ feedback signal from all sensors
and control low-level systems. A. Bemporad, etc. [8]
proposed a local incremental planning method using
potential function. S.S.GE and Y.J.CUI [9] modified



the potential function technique, that is applicable for
dynamic  environment. C. Wuthishuwong, C.
Silawatchananai and M. Parnichkun [10] applied the
potential field method to an intelligent vehicle for the
autonomous navigation with obstacle-avoidance ability.
However, the virtual force is directly computed from
laser range finder without building the obstacle map.
Main objective of our research is to implement the

obstacle avoidance method and the automatic target-
seeking navigation for the car-like robot by combining
the obstacle detection method with the potential field
technique and the local incremental planning. This
paper is organized as the following: Section 1 describes
hardware of the car-like robot, Section 2 introduces the
obstacle detection method and the occupancy-grid map,
Section 3 explains the goal-seeking navigation and
obstacle avoidance method using potential field and
local incremental planning, and Section 4 presents
simulation and experimental results of automatic
navigation with obstacle avoidance ability of the car-
like robot in real environment.

I. HARDWARE

In this paper, the car-like robot is the modified
electrical ATV. A vehicle steering for turning two front
wheels is equipped with a 24V DC brush motor,
controlled its angular rotation in the position mode. The
vehicle is real-wheel drive using a 36V DC brushless
motor, controlled its angular velocity in the velocity
mode. Both front- and rear-wheels motor drives, using
Accelus Panels from Copley Motion Control, are
connected to a NI PCI-6221 Data Acquisition (DAQ)
card from National Instrument to perform the low-level
control of these two DC motors. The low-level control
commands are calculated from the robot position and
obstacles’ position at each instance. After motion-
planning command computation using MATLAB, the
DAQ card generates the analog control signal to motor
drives and receives encoder pulses from two motors.

For the high-level control, an embedded computer
receives the car position and the heading angle from the
Global Positioning System (GPS) of and Inertia
Measurement Unit (IMU), respectively. Microstrain
3DM GX3-45 IMU combined with GPS can provide
the robot orientation from 3-axis Euler angles with a
sensor x-axis pointing forward and the robot position
from Latitude/Longitude. Furthermore, obstacles’
location in perception module can be detected with an
outdoor LMS511-Pro Sick laser scanner for real-time
virtual force calculation. This Sick laser scanner has a
maximum detection range of 80 m with a maximum
field of view of 180 degrees.

Fig. 1 illustrates the hardware architecture with both
low-level and high-level controls of the car-like robot.

Fig. 2 shows successfully installation of all sensors,
actuators, and controllers in the car-like robot.
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Fig. 2 The car-like robot

11. OBSTACLE DETECTION METHOD

Main objective of the perception module is to
detect all obstacles in the vehicle path, to identify
obstacle location in the global coordinates, and to pass
through the correct obstacle information to the motion
planning algorithm. Our car-like robot is operated in
outdoor environment. In this section, the global
coordinate’s system and ECEF transformation equation
are presented for evaluating obstacles’ location relative
to the global fixed environment. Furthermore, a fixed
grid map is constructed as a place holder for obstacle
locations. In the last part, a specify threshold is applied
to a probability of obstacle occurrence in the global
occupancy-grid map to provide more accurate obstacle
locations.

Coordinate Transformation

In this paper, Earth Centered Earth Fixed (ECEF)
frame and tangent plane [11] are employed as the main
reference frames. The coordinate transformation from
Latitude/Longitude to the ECEF frame and that from
the ECEF frame to the tangent plane are described
below.

ECEF Coordinate Transformation:
Latitude/Longitude and altitude measured form GPS at
each instance are transformed to the x, y, z position in
the ECEF frame as in Eqgn. (1):




x = (R, +h)cos(¢)cos(1)

y = (R, +h)cos(g)sin(4) @
z=[R, (L-€%)+h]sin(p)
where
R - a is the normal radius of earth.
N =

V(-€*sin*(g))

a is equatorial radius = 6378137 [m].
h is altitude or geodetic height [m].
e is eccentricity = 0.08181919.

¢ is latitude [degree].

A is longitude [degree].

ECEF to tangent plane Transformation: the position
in ECEF frame can be transformed to the tangent plane,
which an origin is located at the vehicle center. The x-
and z-axes of the tangent plane point toward true North
and perpendicular to the Earth surface. This
transformation could be written as in Eqn. (2):

e

X X, X,
y =R Yz || Yo V.
Z z| |z
where
—sin(g)cos(4) —sin(g)sin(1) cos(g)
R = —sin(1) cos(A) 0
—cos(g)cos(A) —cos(g)sin(1) —sin(¢p)
[XS ye zg]T is an initial position in the ECEF
frame.
[x; ye z;JT is a current position in the ECEF frame

|:Xl yl
current position along the tangent plane

Z'T is a distance from initial position to

Transformation from radial distance of laser data to
global coordinate: all radial distance data from laser
range finder sensor, which generally expressed in a
polar coordinate, must be transformed to the global
vehicle coordinate system that is based on a Cartesian
coordinate system. Thus, the transformation from the
polar to Cartesian coordinates can be determined as the
following Eqgn. (3).

X =1,cos(6) (3)
Y, =1,sin(6)

where

r, is radial distance data from laser in the polar

coordinate.
6 is angle of each radial distance data

X, is distance along the x-axis of the Cartesian

coordinate
y,is distance along the y-axis of the Cartesian

coordinate

With the assumption that the car-like robot motion
is restricted only in the horizontal plane and a z-axis of
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IMU coordinate system is opposite to the z-axis of the
tangent plane. As a result, the transformation of the
laser sensor coordinate to the global coordinate is
expressed as in Eqn. (4).

P= |:R(3><3):| Yo || % “)

where
P is laser data in global coordinates

X» Yy, Z, is translation matrix in tangent plane

X, Y, is point laser in local coordinate

And a rotation matrix, R(3x3), used in Eqgn. (4), can be
expressed as the following from

cos(f)cos(er)  sin(d)sin(f3)cos(er) —cos(f)sin(er)  cos(er)cos(F)sin(B) +sin(f)sin(a)
R = cos(B)sin(e) sin(e)sin()sin(6) +cos(er)cos(d) cos(d)sin(B)sin(a)-sin(d)cos(a)
-sin() sin(6) cos(p) cos(6) cos(p)
where
¢ isaroll angle [radian]
p is a pitch angle [radian]
a is ayaw angle [radian]

All coordinate transformation in Egn. (1)-(4)
mentioned above will be applied to the obstacle
detection and obstacle avoidance method, described in
later section of this paper.

Occupancy-grid map

One of the existing map construction techniques is
the  occupancy-grid map  representation. The
occupancy-grid map, used in this research, consists of
two types of grid maps: local- and global-grid maps,
representing in the Cartesian coordinate. For the local-
grid map, we divide a whole workspace of 4 m? into
square elements (or called “cell”) where each cell
dimension is 2 m by 2 m. A center of the local-grid
map is coincided with a center of the car-like robot and
the local-grid map is translates and rotated within the
global-grid map along with the robot motion. The fixed
global-grid map contains an entire workspace of 90 m?,
which its origin is located at the lower left corner. A
diagram in Fig. 4 illustrates the occupancy-grid map
concept. At each instance of time following the robot
motion, radial-distance measurements, returned from
the laser range finder, are transformed into the global
coordinate. Then, an occurrence value of each cell is
incremented according to those transformed distances
that fall within corresponding cell area. After the
occurrence value in the global-grid map is archived,
obstacle location could be detected in next step.
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Fig. 3 ECEF coordinate and tangent plane [11]
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Fig. 4 Diagram of the occupancy-grid map, consisted of
local- and global-grid maps

Obstacle detection The obstacle detection technique is
one of the important part of perception module so that
the obstacle avoidance capability could be achieved. In
this research, the occurrence probability of obstacles in
the global occupancy-grid map is proposed to help us
identify the obstacles’ location. After the global-grid
map is updated at each instance following the robot
motion, the occurrence probability in each cell
increases. Then, the obstacle location could be detected
when the occurrence probability increases above a
specified threshold. If the occurrence probability of
each cell in the global-grid map exceeds a pre-defined
threshold, the algorithm will label that individual cell as
then obstacle instead of free space. In next iteration, the
algorithm continuously updates until the robot reaches
the target point. The obstacle position from this
detection algorithm then passes to the potential filed
method to generate the virtual force for the motion-
planning system.

I1l. OBSTACLE AVOIDANCE

The proposed autonomous obstacle avoidance
method for outdoor environment combines the potential
field method with the local incremental planning
technique, which is a feedback control algorithm using
the virtual force from the potential field. In this section,
both the potential field method along with its attractive
and repulsive functions and the local incremental
planning are introduced.

Potential field method

The potential field method is used for creating a
virtual force, acting on the robot, to attract the robot to
a desired target point and to push the robot away from
nearby obstacles at the same time. Two relative
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distances between obstacles and current robot position
as well as between current robot locations and the
target point help to compute the repulsive force and the
attractive force, respectively. The advantage of the
potential field are 1) the virtual force can be updated in
real time such that the robot path in the global
occupancy grid does not need to be pre-planned in
advance and 2) the planning method can be coupled
directly to the potential field. Its main disadvantage is
that the robot might be trapped at the local minim
position. The potential field is comprised of two
potential functions as the following:

Attractive Potential Function: In literature, the
existing attractive potential function [12] is defined as a
Euclidean norm or a relative distance between car robot
and target. A weighted sum of the relative distance and
relative speed between robot and target is used in a new
attractive potential function [9], in Egn. (5), so that
target movement can be accounted for.

U (0, V) =@, [P @) =P O] +t, [Ver © -vO)| )

where p(t) and p, (t)are positions of robot and
target, respectively. Similarly, v(t) and vi(t)
correspondingly denote the robot and target velocities.
The symbol H.Hm is represented the m-norm of vector,

o,and o, are positive scalar weights for relative
position and velocity norms, and m and n are positive
constants. Note that all positions are expressed in a 3-
dimensional space as p = [x_y,z]T or in a 2-dimensional

spaceas p=[x,y] .

The virtual attractive force is defined as a negative
gradient of the attractive potential function with respect
to the robot position and velocity as in Eqn. (6).

Fart (P V) ==VU . (P, V) (6)

= pUatt (P.V) = VU (P V)

where, the gradient of the attractive potential with
respect to position is

V oUat (PV) = Vatt (p.v)/ep @)

And the gradient of the attractive potential with respect
to velocity is

VUqtt (P, V) = Uqtt (pV) /v ®)

Repulsive Potential Function: To avoid collision with
obstacles, the hyperbolic repulsive potential function,
calculated as inverse of the relative position between
robot and obstacle, is generally used to generate the
repulsive force. With an assumption of convex-shape
obstacles, a new repulsive potential function, defined in




[9], included both of the inverse of relative position and
relative velocity, is expressed as the following.

9)

0, if ps(p.pobs )-Pm (VRO )20 OF LRO<O

1 1.
U pv) =g —— |, if0< p5(P.Pobs )-~m (VRO )<
w0 (PY) = ) o) 7o 1< PPl mitro)y
not defined, if R >0 and ps(p.Pobs )<Pm(VRO)
where is defined as a shortest

Pg (Pgps (0. P(1)
Euclidean distance between robot and obstacle, vy, (t)

is a relative velocity between robot to obstacle,
is defined as a distance traveled before
pm(VRO)

robot’s Vpg reduce to zero, o denotes a maximum

obstacle size, and 77 is positive constants. Thus, the

virtual repulsive force can be computed as a negative
gradient of the repulsive potential function, as in egn.
(10).

Frep (0, V) = —VU 1, (p,V) (10)

=-V pUrep (p,Vv) - VUUrep(p, V)

where, v p-Vu are the gradient with respect to position

and velocity, as well. Or, Eqn. (10) can be rewritten as

0, if ps(p.pobs )-,Pm(vRO)ZP0 OF RO < 0
Frep (p,v) =1 Frept+Frep2. if0< ps(p.Pobs)-pm(vRO) < pp and vRo > 0
not defined, if bR >0 and ps(P.Pobs )< m(vRO)

where the first part of the repulsive force, Fyey, points
in a direction away from the obstacle and the second
part of repulsive force, Fep,, helps pushing the robot to
go around the obstacle.

Local Incremental Planning
The local incremental planning is one of the

motion-planning techniques that can generate a real-
time robot trajectory. The local incremental planning
consists of a high-level nonlinear control algorithm that
incorporates both real-time velocity and position of the
car-like robot, target, as well as all obstacles. The
generated trajectory from this planning method includes
the resultant virtual force acting on the robot, computed
from the potential functions. As a result, the car-like
robot can avoid obstacles and approach the desired
target at the same time.

Nonlinear_Control Law: According to a kinematic
model of the car-like robot in [8], a state-space
representation can be described in a nonlinear form as
in Egn. (11).

X =G(X)u- (11)
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where X=[x y alo ﬂ]Tand a is a positive
weighting constant. Given a specify desired feasible
trajectory: X, :[Xd y, alé, ﬁd]T, a control law
or command input (u) can be computed from a pseudo-
inverse of the nonlinear function G(X) as
u=G* (X)X, =[GT(X)G(X)I'G" (X)X, (12
A feedback linearization technique, minimizing the
trajectory tracking error in a least-square sense, is
applied to the above control law. Therefore, the

feedback law for the robot steering and for rear-wheel
drive can be reformulated as the following

o = X Cos B+, sin g +a?16, sing

,and
' 1+a?sing (13)

uzzﬂd :

Local Trajectory Generation: To create the desired
trajectory, the virtual forces could be obtained from the
potential function. The virtual attractive force in Eqgn.
(6) must act only on front wheels to steer the robot
toward the target, while the virtual repulsive force in
Eqgn. (10) must be imposed on both front and rear
wheels as shown in Fig. 5. F; = (F;yFry) and F, =
(FrxFry) respectively represent forces acting on front
wheels and rear wheels. These forces relate to each
other and to a moment on a front-wheel axe (My)
according to the virtual work principle [8], as shown in
Eqn. (14).

Fix Fex

iadll F, (14
M, | [I(F.sin@—F,, coso)

M, 0

As a result, the total virtual force and moment acting
on the robot’s front wheel are expressed as

F=F, +F
£ (15)

M:MH

Derivatives of the desired trajectory are required in
the feedback linearization command (u;,u,) in Egn.
(13), thus these derivatives could be computed from the
total virtual force and moment acting on front wheels,
as in Egn. (16), with a simple quasi-static assumption.

Ya

{Xd}:k”,: and 4, =k,M  (16)



where, positive constants, (kflkaz)’ are equivalent to

inverse linear and angular damping coefficients. Thus,
the calculation of the control input u, in Eqgn. (13)

should obtain sufficient damping from these derivatives
in Eqn. (16).

YA

>
X
Fig. 5 Forces and torque acting on the car-like robot.

Furthermore, the steering control input u, could be

expressed as in Eqn. (17),

LT VRN Py {Cosﬂ}(ﬂ)
sign(cos(8-4,)) [F[F- T sin 8

2

where g = ATAN 2(F,.F) is a directional angle of
the front-wheel force, B, = p—arcsin(sin(5 - 4,)) isa
directional angle of the desired front-wheel force, k/, is

a positive constant gain of a steering response time, and
a partial derivative of the total force with respect to the
horizontal plane axes is given below

o \\9&

X (18)
VF = %

& XK

ox oy

According to the virtual force from the potential
field, these input commands produce desired linear and
angular velocities of the car-like robot as well as the
steering angle of the front wheel. Next, the motion
planning of the robot using this trajectory generation
technique is tested on the car-like robot kinematics
simulations.

IV. SIMULATION RESULTS

To validate the motion planning algorithm
combining with the potential field, kinematic model of
the car-like robot is implemented in
MATLAB/Simulink, then goal-seeking simulations
with obstacles in the global-grid map. This section
demonstrates two main simulations: 1) the obstacle
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detection in the global-grid map and 2) target-seeking
with two fixed obstacles in the global map.

In the first simulation, constructions of the global-
and local-grid maps are tested for the obstacle detection
by threshold the probability of occurrence. There are
two obstacles in the global map and the robot moves
forward along a straight line parallel to the x-axis from
left to right. In the global-grid map, we subdivide
workspace into small square grids with dimension of
100 x 100 cells. The local-grid map around the car-like
robot has a dimension of 30 x 30 cells. As the robot
moves along the x direction with 10 cell increments
until its center locates at 80 unit, as in Fig. 6 the global
map contain value in each cell equal zero but if it can
detect obstacle as show in Fig. 6. The probability of
occurrence in the global-grid map is updated as in Fig.
7. A circular obstacle becomes prominent such that the
thresholding could help identifying the obstacle
location.

Fig. 7 The probability of occurrence in the global-grid
map when the robot moves along x direction.

In the second simulation implemented with
MATLAB/Simulink, two fixed obstacles, located at
(6m,10m) and (20m,20m), along the straight path from
current robot position to the target point in the
workspace. In this simulation, a dimension of the car-
like robot is 1.2 m long x 0.8 m wide. An initial center
position of the car-like robot is located at (0,0) with
initial heading angle of 0° and initial front-wheel
steering angle of 0° and a target point is located at
(30m,30m). All feedback linearization control constants
are kﬁ =1, ki, = 2.5, ki, = 1 and ¢ = 0.95. The

attractive virtual force is initially large and it gradually
decreases to zero as it approaches the target within 30
sec. The repulsive force is almost zero at an initial



position and near the target, which is far away from
obstacles. But, when the robot is near the obstacle, the
repulsive force reaches a maximum value. Therefore,
the car-like robot can reaches the target point softly and
avoid colliding with obstacles, as show in Fig. 8.

26

L L L L L L L
0 6 10 16 20 26 20
x [m]

Fig. 8 Motion planning simulation with the virtual force
acting on the car-like robot when there exists two fixed
obstacles, located at (6m,10m) and (20m,20m).

V. EXPERIMENTAL RESULTS

Similar to simulation results, we demonstrate two
experimental cases: 1) obstacle detection using laser
range finder in the occupancy-grid map 2) real-time
obstacle avoidance in outdoor environment.

In the first experiment, the global occupancy-grid
map with a dimension of 90 x 90 cells is created in a
soccer field at mechanical engineering department,
Rajamangala University of Technology Thanyaburi, as
shown in Fig. 9, so that the obstacle detection algorithm
using the local-grid map with a dimension of 5 x 10
cells. Before testing with the car-like robot, we test a
car movement simulation using GPS, IMU, and laser
range finder, installed on a cart. The cart is moved
along a straight path from North to East or along x-axis
of the global-grid map when there exists a box obstacle
in the front. This experimental result are shown in Fig.
10, it shows a correction identification of the box
obstacle location at (x,y) = (8,1) m in the global-grid
map. So, in next step, the obstacle location is used as an
input for the local incremental planning.
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Fig. 9 Obstacle detection test in outdoor environment.

In the second experiment, we use a similar outdoor
setup, as in previous test, to perform a real-time
computation of the virtual force for the car robot. Then,
command inputs for front-wheel steering and rear-
wheel drive are generated from motion-planning
control law and send to low-level motor controls. Also,
this test shows that our obstacle detection technique
could be operated with the obstacle avoidance. Both
target and initial robot position are located along x axis
of the global-grid map. Moreover, a box obstacle is
placed in between robot and target point.

Fig. 10 Experimental results of the obstacle detection
technique. Top Left: Initial point cloud from laser
scanner at initial instance, Top Right: Overlay point
cloud from laser scanner as the robot moves forward
from right to left, Bottom Left: Local-grid map updated
at the final time, Bottom Right: Global-grid map
updated at the final time.

According to Fig. 11, initially the car-like robot
moves directly toward the obstacle because the
repulsive force is still smaller than the attractive force.
Once the robot moves closer to the obstacle, its front
wheels start steering to the right to avoid the obstacle in
front or the robot moves around the obstacle. Then, the
robot is steered back toward the target. Thus, the result
shows that the car-like robot can avoid the obstacle,
move to the safe zone, and gradually approach the
target at the same time.



Fig. 11 Experimental results of the obstacle avoidance
for the car-like robot.

VI. CONCLUSION

In this research, we proposed and developed the
obstacle detection technique and a combination of the
potential field with the local incremental planning
methods for autonomous navigation with obstacle
avoidance ability for the car-like robot. This car robot is
equipped with GPS, IMU, and laser range finder
sensors. First, the proposed method is tested by
simulating the robot in MATLAB/Simulink: 1) the
obstacle detection using the occupancy-grid map,
consisting of the local- and global-grid map, which can
identify the obstacle location according to the
probability of occurrence and 2) autonomous
navigation for the car-like robot, which pursues the
target and avoids fixed obstacles along its path.

For experimental results in outdoor environment, we
demonstrated two tests in the soccer field parallel with
those from simulation: 1) the obstacle detection
algorithm using laser range data and GPS position can
identify the obstacle location in the global occupancy-
grid map, and 2) obstacle avoidance can be achieved
when the car-like robot moves toward the target along
the straight path.
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