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ABSTRACT

Localization Method for Navigation of an Underwater Robot

Kim, Tae Gyun

Advisor : Prof. Ko, Nak Yong, Ph. D.
Dept. of Control and Instrumentation Eng.,
Graduate School of Chosun University

This paper describes a particle filter method and Kalman fiilter method for
localization of an underwater robot. The method uses external measurement information
as well as the internal motion information. The particle filter and Kalman filter have
been used for localization of ground mobile robot. The method can take the uncertainty
of robot motion and measurement into account.

It consists of two iterative steps: prediction step and correction step. The prediction
step calculates pose of the robot using the internal motion information either through
internal sensing or presumed motion command. The second step corrects the predicted
pose using the measurement relative to external environment. The measurement is
largely based on acoustic signal processing. Unlike the ground environment, the
underwater environment doesn't afford the use of radio signal or visual information.
Only the acoustic signal can propagate and be detected for use. The acoustic signal is
used for distance measurement using the time of arrival(TOA) or time difference of

arrival(TDOA).



This paper extends the localization capability of particle filter method to be applied
in three dimensional underwater environment. It depicts how the filtering methods can
be used for localization of an underwater robot. Simulation shows the localization
performance of the method in cases of TOA and TDOA measurements. The
performance is compared with that of deadreckoning, trilateration, and least square
methods. To compare the accuracy and robustness of localization, some measures are
introduced: the repeatability and the length of the estimated trajectory. An experiment in

test tank shows the feasibility and availability of the proposed method.
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q|=|0|+Cix9) 6 |+Cir(9)CEi (8) 0 2.5)
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1. W5 AXME o] &3 B

i AAE o] &st WHS 55 2E Ui AAE AAEY HARTS ol
sto] F438h= o= A (Deadreckoning) WHolth. 1% 24+ d"E=dA

e oA} mEolt)

Deadreckoning method(X.;, w)

(55:)": Z)T = TEl(LA’:‘A”W)T
6.6.v) =Tes(p.d.7)

x''= x + XAt
y'=y + yAt
z'' =z + ZAt
§' = ¢ + AL
0' = 0 + OAt
y' =y + yAt

remrn X, = (x',y', 2,40 w')

I 24 UF AAE o] &% dedad Y
Fig 2.4. Deadreckoning method using internal sensors
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Fig 2.5. Localization method using external sensor
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7. TOAE °] &% A 4

TOAE °| &3 5 =X A +4 A

i
rlo
to
$
dlo
o%
s
o,
By
il
&
4
ofy
fr
b
=

A7 Atele] TOA FEEZHE AgE Atste] 5 23] A& F4s= W

ot} of W ol &HE % &I Az Aol wel AW SN Ax A%

(i,
H
o
>
o
4
il
o,
oo
grL
2
¥
ofy
fr
b
Lo
fule]
i
ol
o

@ wole] §1x AR}

& ATH43][44][45].

Trilateration method(d)

Xp2 = X1 Vb2 " Vb1 Zp2 T Zp1
G= X3~ X1 Vb3 Vb1 Zp3 T Zp1

Xpa ~Xp1 Vb4 ~Vb1 Zpa—Zpi

2 2
xb,2+yb,2+zb2 xbl ybl d2+d1

I > 2
sz b,3+yb,3+zb3 xbl ybl d3 +d1
2 2 2. 2
XpatVpa +Zb4 xbl ybl dj +d,
X =G'H

return X, =(xr V., Z, )T

1% 2.6. TOA ZHE o] &3 AW Fy
Fig 2.6. Trilateration method using TOA information

- 17 -



A7 d= b 9F FF volAER} 5 2R Abo]o] SAHE TOA AR =N
B WHstE A golth xp yew zeae OlP 3l QE QE S HlolAEY 9F

XéE_’ ‘ZE]E Xr yr; ZV% —il‘xo REs :l}:%_ EE\‘P/] '?4;‘(]% ]/]'E}"THD]'

M = (lb—1|— Ib—l)

2 2 2 2 r
s=(|pf-a - a)
Az(zpb,l 2Pb,n)T

P,, = (xb,n Yb.n Zb,n)
(M) = (A (M) (Ma)
W =(MA)"M

X,=WB

return X, = (x, V, z,)T

I 27 TOA BEZ o] &3 4 =5
Fig 2.7. Least square method using TOA information

A7IM X FAE 2R 91A AR i qE, 4= oln] i = o AlA
59 9x AR W3 P, g M= MA9 oA} 9 g H(Pseudo Inverse
Matrix)elth. Z22]aL A bk n2 9] AlA ek nHAE YEho] bno] 25 A
A nHAL oF AMES 9usta, B 9 AHES A g Zoleo A

F3h FAE AL S AFG o2 HRow b= gholr)
T
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Fig 2.8. Spherical method

TE =F vold FAVIeE 5 2RIe] A<l

H=

°
Np

R &5 ©l

w2} SI(Spherical Interpolation) "% ¥} SX(Spherical Intersection) ™
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_i,_
di = | - x| ;A &3 wlol AT 2R Alelo] Ag
di = di - dy : 1% <3 nlolA} WAl &g wlolARe Azl o
T
Ri 717 &3 wlolu} M4 nlolA Alole] Az
§ = [(R)'-(du) (R3)'-(ds1)’ -(Rn)*(dn1)]"

R=|lx|| : 715 & vlo|A¥ 2E Alo]e] Ag

29 29 Sl tigh ofA mERA, ST W2 a9 Zo] RS At
gto] T ZX o] HAE FAJH o] WS FHA 4719 TDOA AR =Z F2t5 7]
ol Ha 574 ol el ofF & HlojrdEsol Fastth ada ofF 5 ol
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SI(Spherical interpolation) method(d)

S =s"ws)’'s

P =SS*=SS'ws)"'s'w
T=P =1-P

14’7

2d'Td

=%S*(5—2§,d)

y=

return X :(xr V. z, )T

1% 2.9 SI WY
Fig 2.9. SI method

% 2.10¢ SX WHS YEbd Aow g molntsh o] 24 Rk %
g 59 o F 1ol B gtomiH 4% mie] 942 a2 4 o, g
el Avbs FRaE 5% 2ol 94XE F4sl Bk webq sx wHe A
A% RO g Mesop @k el o] WHME 3719 TDOA A7t s

SX(Spherical intersection) method(d)

Sx=S"ws)™!

a=4-4d"S+" Sxd

b=4d"S+" §%¢

c=-0"S" §x¢

7o —b+Ab? —4ac
g 2a

X:%S*(J—zferd)

;I~€20

r

return X =(xr V. Z )T

19 2.10. SX W
Fig 2.10. SX method

- 21 -



3. W AAe 95 AME o &3 WY

W AAe % AAE olgd WEe AN Sae oF miel 94

o

S
ol
-
2

KN
=

XY

FAL A9 we A7t ol FolAu, Lol £F 22 9%
g

rlo
=
S
[>
(L,
Ay
=2
~

g
=
ol
ol
s
(L,
Ay

THa A o] W

gov] $3 2ol A W ohyek AMd wate]l 4 sHs el

K I 2113 #Zol =5 2R fAE dFdhs o5 @
(Prediction step)} %% 91X 2 AL A2 @A (Correction step) U 5 9
thoelZ SANAE Wi MM ARE olgdte] 3 2R A oZ3m, )

A @AM = 2R A FEE o]&sto] dFH T 2X fAE Al

Prediction step

: Predict robotpose using
internal sensor information

Correction step

: Estimate robot pose using
external sensor

o 211 2EE LY
Fig 2.11. Filtering method
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a% 212 ZHY Wi g oA ZEZEA Line 12 o5 ©@A©]3l Line 2

A WA deth A3 g £F 22 U A4 4R S % 3

i

A A AR " 1M FEE FF 2R X AR XS o] 83k ol A<
T B2E AAE dFFrh i A dAAE R A AR M e
8 AH EE S oF 9ACdA dFE £F Z2EY 9A AE XE A

@k oleld WEY Wye F4 Wyl Ba 74 Ave md g w2

W BEsh S E Bej Y 23 PPor TEE 5 9

Filtering method(X..,z".z"" E)

1. X, = Prediction step(X...,, z")
2. X, = Correction step(X, 7" .E)

3. return X

19 2.12. BE Y WY ol m=
Fig 2.12. Pseudo code of filtering method
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olth. 2} 32v F4 o FEA d5FS UEde ZE AMdste #AH 2R G, V,
2, 283 ME F AEG
%, =G, X, G +Vmy} (3.2)
A7 Gaz BE ol WAAS ZX Al dis] HwlEe Aamieh FH, Y,
o Aol BAAL 9 FE= Arel vl AvES Aaulet PE, ME 99
H S5 AR FEo g Ak 34, 18 24 tlolA FAHE oA T
b @dolth 4 339 345 AFH} FE G, A 355 Vel die fi= 34, 27
a A 36v ewAt AE Mol He fE S UERT A7 ¢, 0, yE A
T 28 AHY ¢, 0, vE YEHE X6 Xere , L8 X0 T
ox' ox' ox' ox' ox' ox’'
Xy Xy, Xy Xy Xy Xy,
Y Yy Y Y oy Y
Xy Xy, Xy, Xy X Xy,
oz oz oz oz oz oz
G :ag(ll,,XH): Xy Xy, X, Xy Xy Xy
t &t_l 8¢' 8¢I 8¢I 8¢I 8¢I 6¢l
Xy Xy, Xy, Xy X Xy,
00’ 00’ 00’ 00’ 00’ 00’
Xy Xy, Xy, Xy X 0Xy, (3.3)
oy’ oy’ oy’ oy’ oy’ oy’ ’
Xy Xy, Xy, Xy X 0Xyy,
1 00 GlL(11) Gl,(2)1) Gl,(31)
010 G2,(11) G2,(21) G2,(31)
10 01 vegeOAt — wsgcONt —ucOAt —vsgs Ot — wegs Ot 0
10 0 0 I+qodtOAt—rsdtOAt  gspsec OAr +red sec” OAt 0
000 —gSQAt — regAt 1 0
0 0 0 gcpsecONt—rspsecONt qspsecOtONt + reg secOONt 1
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veds OcwAt + vsgs wAt — ws gs Bc At + wes wAt

Gl, = —usBcyAt + vsge OcwAt + we deOc wAt
—ucOs At —vsgs Os wAt — vege At — we gs Os wAt + ws peyAt
veds Os At — vsge At — ws s Os wAt — we e At G4
G2, = —usOs WAt + vsgc Os wAt + we deOs At
ucBcwAt + vsgs OcwAt — veds wAt + we gs Bc At + ws gs WAt
ox'  ox'  ox ox'  ox'  ox
ow,, Oow,, Ou,, Ou, » Iq ou,,
dy ¥y o Yy Y O
ow,, Ow, Ow,, Ou, w, Ou,
oz o0 o7 &' o o
- og(u, X,_;) _ ow,, Ow, Ow,, Ou, w, Ou,
' ou, op o¢" 0o¢" 0¢" 0 OF
ow,, ouw, Ow, Ou, u, ou,
00’ 00" 00" 00" 00" ov
T S S T e S 6:5)
ow,, Oow,, Ou,, Ou, » ;q ou,,
cOcyAt  sgsOcyAt —cdswAt  cgsOcwAt + sgsywAt 0 0 0
cOsyAt  s@sOswAt +cgcyAt  cgsOsyAt —sgcyAt 0 0 0
| —sOAt sing cosOAt cocOAt 0 0 0
1o 0 0 At sgOAt Ot
0 0 0 0 CcPAL SPAL
0 0 0 0 s¢secOAt cpsecOAt
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P(Ll) 0 0 0 0 0
0 P(21) 0 0 0 0
M - 0 0 P31 0 0 0
0 0 0 P(4l) 0 0
0 0 0 0 P(51) 0
0 0 0 0 0 P(6]l)
(@t + @] + ] + @ |P| + @] + @] + s (3-6)
(@] + @ + anfu] + ao| + aylal+ @] + o, f
p- (awu U + ] + @ + o+ ayld + o] + ay,

(gl + el + ol + |l + @l + oyl + e, f
(@i + M+ ol + 1 + el + @ b +

(@] + @ + @il + @ |p| + ala] + el + @ ]

A71M A 3.69 aw ~ axs TF ER SE AR FEol e g E ol
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filo
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At 8 ME AAEE HAolvh Line 99 HAoAM = dHE 5 =R
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Prediction step(X.;, 2.1, u)

9.

10:

1t
12

p=X 14 0=X_1p, v=X,,

u:”t,u’ v:ut,v’ W:”t,w’

p:”t,p’ q:ut,q’ r:”tr

veospsing cosyAt+vsing singAt—wsing sinf cosyAt+-wcosp sinyAt

Gl = —u sind cosyt +vsing cosd cosyNt +wcosg cosd cosyAt
—1cos0 simyAt —v sing sind simyNt —vcosg cosyNt —wcosd sind simyAt +wsing cosyNt
veosp sind simyAt —vsing cosyNt —wsing sind simyt —wcosg cosyNt
G2, = —u sin0 simy\t +v sing cosO simyAt +wcosp cosO simyAt
ucosd cosy\t +v sing sinf cosyNt —vcosp simpNt +wcosp sin cosyNt +wsing simyNt
100 Gl (1) GL(21) GL (31
010 G2,(11) G2(21) GH(3D
G = 0 0 1 vcospcosON—wsingcosON — —ucosON —vsing sindN —wcosg sinft 0
““looo 1+q cosptand —r sing tandN gsinpsec® ON +rcospsec® ON 0
000 —q SingN —r cospNt 1 0
0 0 0 gcospsecN—rsingsecON  qsing secOtandN +rcospsecd tanN 1
cosO cosylN  sing sind cosyAt —cos@simpNt - cosg sind cosyNt +sing simyt - 0 0 0
cosOsiny\t  sing sin0 simyt +cospcosy\t - cosg sinb simyNt —singcosyt 0 0 0
V< —sinOAt sing cosOAt cosp cosOAt 0 0 0
t_ 0 0 0 N singtanON  cosptanO
0 0 0 0  cosp SingN
0 0 0 0 singsecON cospsecON
(el + ] + ot + )+t fd + @l +a, )’
(et + | + it + g + g+ +ax, )
P (et + ] + b+l + el + el + aws)j
(apuM +op |+l +a,lh +ayld + o, +apS)
gl + g + o + | + o+, +
(b + bl + b+l + ]+, +a,)
) 0 0 0 0 0
0 R(21) 0 0 0 0
I 0 0 B3 0 0 0
! 0 0 0 P(4) 0 0
0 0 0 0 B(5) 0
0 0 0 0 0 PB(61)

P, PECEERYA

(63 2 =Tpwuw), (3.6,v) =Teatpgr)”
X =X+t 5z ¢ 6 yfa
Y =G %G +my]
return},,i

a9 330 2 24 dE e oS dAd dig oA 2=

Fig 3.3. Pseudo code for prediction step of extended Kalman filter method
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2 o =H(X, JE)= [Z,TOA]
t,TOA
(3.8)

_ {\/(E =X, S +(E, ~X, P +(E,.-X,. )

Ej,s

Z¢,Depth = h(‘Yt )= ‘Yt,z 3.9

AN zlros WA 2 AIA 9} Atolo] thgh TOA BE=A Ag AR

o5

=
rirodst IH A AR sl E B3 e FART. = 9Y Aqse] 3
f Az, = o5 A4 93 AR 5o B4 ARo|th Leli zpput 2ol
W 93 glolth ol 4w T el #3 WAAORNE TOA Are i A @

Aok 2ol Auol dg AN BAE fFET + 3

AR QY B H,pepn©] TF.

X, ) E)
Ht,TOA=T
t
8}”} 8}”} 8rti 8}”;
|ox,, oX,, oX,. X, axta
os! os! os! os! Os! as,
8)_(” 8)_(t,y 8)_(“ 8)_(% 8Xt9 (3.10)
_ Ej,x_)_(t,x _ Ej,y_)_(ty _ )_(t,y 00 0
- )
0 0 0 000

- \/(E =X ) H(E;,~X, P +(E;,-X,, )
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Ht,Depth o
t
— Xt,z Xt,z Xt,z Xt,z Xt,z Xt,z (311)
aXt,x aXt,y a tz a t¢ aXt,H a ty

a9 34 B 2 ZE Uye] TOA AR dd A dAE veEbds 9
Ab =tk 199 Line 2 ~ 112 FAE z/ofl dste] 5 229 9 X9 2

ol BAL oA #HS5E iHAS] TOA FHe] disl] ==

_>‘4_|‘
o
S
[
M
il
o
>,
o
i

P32, XoF 5 whEste] Al ol 3

o

Ak E g9} vk o] 5 K5 ALt

AS 53 Line 129 2ol TOA AR o8 AAE X049 Zir045 A4FS

Correction step on TOA(X,Z.z,¢,E)

2 for all observed fea tures of TOA z,; = ( s )T do
3: j=c!
4 q=(E;, ~X0x )" +(E; ,~ X1y )" +(E;.~X::)’
5: 2l = Ve
Ej,:
A ~ E;,,—Xtx B E;, —X:y B E;,.-X:: 00 0
R Vi Vi
0 0 0 0 0 0
i i ¥ il
7: Si=H! X, [H,] +0,
i< i |r i [
8 ki =%, [u] [s/]
9: X, =X, +K!z -2])
10: S, =(1-K'H)T,
11 endfor
12: Yt,TOA =X, Xiroa =2
13: return X,,TOA, f,,TOA

1% 3.4, TOA AR 78A @A W gi m=
Fig 3.4. Pseudo code for correction step of TOA information
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o714 zi= 54 E TOAE &l A" 72 AR po af A AE solth

f

1 Qtzo'czl

2 2 =X,

3 H,=(00 0 1.0 0 0)
4 St:Htit[Ht]T"‘Qt
5 Ktzit[Ht]T [St B

6: X, =X/ +K,z -2,)

7 >, =(I-K,H,)Y,

8 return X,, X,

9 35 ZHol AR AR A I A A=
Fig 3.5. Pseudo code for correction step of depth information

2. 820 GA9 424 537

fl

YA GATE dBH o7 FAEE FE= TOAS Zo] AH dia A GA=
3}

Wahe T2 2T o A B3 WAL A 3128 2o
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(¥ _ (1 1 i i
Zt—h(Xt:E)—(’?,TOA S04 7 T04  St,TO4 dt,Depth)r

JE X0 +(Ey X0y P +(E - X.: )
El

s
3

(3.12)

J(Ei,x _Xt,x)2 +(Ei,y _Xt,y)2 +(Ei,z _Xt,z)2

S

<

~

z

AZNM dipgn= Zol AE hE #5 Frolth £18 2 #S WA OREH
2o et ¥ e #AE vede Aaniqt 38 BHE 4 3133 Zo]

S >~
=8 5 9

i on(X,, E)

X, X, X
os! os, as; os, as; as;
X,, 0X,p 0OX

X,; X,y 0X
0s, 0s, 0s, 0s, 0s, 0s,

6)_(“‘ 6)_(” a)_(t,z 6)_(”5 a)_(t,@ 6)_(“,,
X. X. X. X. X. X, (3.13)
X, X, oX,, X, X, 0X,
_ El,x__t,x _ El,y_Xt,y _ El,z _Xty 00 0
) Te) Tr
0 0 0 00 0
| (E -X, E, -X,, E,.-X,,
_ n,x x _ n, . _ Nz : 00 0
{ qi \/q_, \/q_l
0 0 0 00 0
0 0 1 00 0




1=
n
o8l 4% TOA ARt zo] Ar g, 181 &4 R 5 4 vk 974

Line 19| Q= TOA X} zlo] HH O zhgol thah T4t Fdoltt

Correction step on TOA and Depzh(X,ft,zt,E)

% 0 0 0 0 0
0 o3 0 0
1 _ . .
2=, i 0 0
0 0 o> 0
0 0 0 0 0 o
2: z, = (rtl st1 b4, )T

} (Elx_th) +(E1v_XtV) +(Elz_XtZ)

=X )P H(E,, —X,,y) +(E;~X1:)?

4: (\/Z E,, 4, E,, X,Z)T

Elx_Xt:X EIV_Xt’y EIZ_X’:Z
- : - - - . 0 0 0
VA Va1 V41
0 0 0 0 0 0
5 H, = o o o Do
Ei‘c—X’:x E,-y_Xt,y Eiz_Xl,z
- = - - - . 0 0 0
V4i V4qi V4i
0 0 0 0 0 0
0 0 1 0 0 0
6: S, =H, il [Ht ]T+Qt
= T -1
7: K, =%, [Ht] [St]
8: X, =X,+K,z, -2,)
9: it:(I_Kth)Zt
10: X, =X, X, =3,
11: return X,, 2,

9 36 4EF A dAC g oA 2=
Fig 3.6. Pseudo code of correction step TOA and depth information
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A e o= dA= AA ol yE AMES AR uot tloA =AW F2
2E A X, 5 ol&ste FF 2 YAES A5 olF il 7ol

= 97 AA AR g9 o5 3 AR EE ol &35te] oF dAA AgFE 5

>

23e 9259 AANES ANPY 2dT dZE £F 28 945 ALE 2

fAwg vgon AAE] £ wiol 942 A

i
x
W
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—_
—
w
p—
—_
—
(%)
[®))
—

Localization PF(X.,u,z,E)

1. X, = Prediction step(X..,u;)
2. X, = Correction step(X,z,E)

3. return X

a9 41 ZEE Bl 71ukg 9E S ZH oAb =
Fig 4.1. Pseudo code for particle filter method based on filtering method

4
o
N
[\)
s
i=)
o
Ll
i)
Ay
ok
i
2,
Lo
C
»

4 Aol delth HE|F A gL
Aol dete] shE|Fe] PEE FAHL
B 5% 2R 9AE gl s

W
[
[
]
:
'
= .
P [
- R
[
'
]
[
]
"
[
.
'
H
.
B T E ERE I S
]
:
.
"
[N TP (PR R [ (S [

i o R L e
R A
-y -- L e ..E'... [ PR . L ' H ) V
B I B B S e e

a9 42, 9ElE ZEH S ol 8T 9A 49
Fig 4.2. Example of localization using particle filter method
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Prediction step

Motion model
: Particle motion prediction using
internal sensor

Correction step

Sensor model + Resampling
: Calculation belief and particles resampling
using external sensor

\_ J/

a9 43, 9EF 98 Pue 58 2 4%
Fig 4.3. Procedure of particle filter method
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Line 3914 <2l “Motion model(:)”> ZH-2] X5 49
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l.z
X
td
(1)

AMEY Aol ook Zo] wEFE dFH WY B4 Bl AM 2l AEd s

Particle filter method(X...,u,7,E)

L X, =X, =¢

2. fori=1toM do

3. x!T" = Motion model(u,x'"

4. w!l = Sensor model(zt,x[’] E)

5. endfor

6. fori=1to M do

7. x[7 = Resampling({(xt[ﬂ,a)t[ﬂ ]j = 1,---,M})
8. endfor

9. return X,

1% 44, HEZ gl oA} m=
Fig 4.4. Pseudo code of particle filter method
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Motion model(x:.1,u)

Lu=u+ sample(auu|u| + auv|v| + auwM + aup|p| + auq|q| + aw|r| +a,)
2.v=v+ sample(avu|u| + aw|v| + avw|w| + avp|p| + avq|q +| avr|r| +a,)
3.w=w+ sample(awu|u| + awv|v| + aWWM + awp|p| + avq|q| + awr|r| +a,)
4. p=p+ sample(apu|u| + apv|v| + apr + app|p| + apq|q| + apr|r| + )
5.9=q+ sample(aqu|u| + aqv|v| + aqu + aqp|p| + aqq|q| + aqr|r| + o)
6.7 =r+ sample(am|u| + a,,v|v| + a,,w|wi + arp|p| + arq|q| + arr|r| +a,)

7. A, = sample(/”txu|u| + A, v| + /”LXWM + /”pr|p| + /”qu|q| + A, r|)

8. A, = sample( A, |u| + Ay v| + /”Lyw|wi + /”typ|p| + /”tyq|q| + 4, r|)

9. 1, = sample(A_, w| + 4, p| + A, r| )
10. 4, = sample(/”tw|u| + /”L¢v|v| + /”L¢W|w| + /”L¢p|p| + /”L¢q|q| + /”L¢r|r|)

u| + 1,

v| + 1.,

gl + 1.,

11. 4 = sample(/”tgu|u| + /19v|v| + /19W|w| + /”Lgp|p| + /”qu|q| + /19,|r|)
12. 2, = sample(2,, |u| + /”tw|v| + /”LW|W| + /”tw|p| + /”Lw|q| + /”Lw|r|)
13. (%, 9, 2)" =Ty (4,9, w)"

14.0.6,v) =Tea(5.6.7)"

15. x" = x + xAt + 1, At

16. y' =y + yAt + A, At

17. 2" = z + ZAt + A At

18.¢" = ¢ + gAt + A, At

19.0' = 0 + OAt + AyAt

20" =y + YAt + A, At

21. return x, = (x',y,2.¢.0" w')"

a9 45 9EE FH 24 2Y
Fig 4.5. Motion model of particle filter
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Fig 4.6. Uncertainty for motion of an underwater robot
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M u=0.25m/s

{1 v=w=0.0mis
p=q=0.0rad/s
r=0.05rad/s

-

v=w=0.0m/s
p=q=0.0rad/s
r=0.05rad/s

2% 47 AA stebu el oie e B

Fig 4.7. Particle distribution with surge parameter
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Fig 4.10. Probabilistic distribution for estimated weight
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Fig 4.11. Four uncertainties for probabilistic distribution of estimated weight
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A= AAM AR 5 ALksch o] % Line 4 ~ 69 3ol A

Sensor model(x, 7, E)

. g=1

2. fori=1to N do

3. compute zf* for the measurement zf given the robot pose x,
4. P =Zpjs 'phit(zti |xt’ E)+Zlong 'plong(zti |xt’ E)

5. +Zmax'pmax(zti|xt’E)+Zrand'prand(Zl{|xt’E)

6. q=q-p

7. end for

8. return q

% 412, 9EF FE A 2E
Fig 4.12. Sensor model of particle filter
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Table 5.2. Information for Internal sensor of simulation
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Fig 5.1. Estimated trajectory for low sensor uncertainty
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Table 5.4. Distance error analysis of estimated trajectory for low senor uncertainty

unit : m

Bt Ew A Hol A
DR 14.575 8.476 32.137
TL 25954.42 20768.83 120632.8
LS 25954.41 20768.84 120632.8
EKF-RES 1.837 1.776 10.139
EKF-COM 1.805 1.626 9.828
PF 0.916 0.446 2.249
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Simulation for Deadreckoning using only intemal information

Simulation for Trilateration for using only external information
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Simulation for EKF using only TOA and Depth information Simulation for PF using only TOA and Depth information
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Fig 5.3. Estimated trajectory for rough senor uncertainty
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Distribution of error distance for deadreckoning method Distribution of error distance for EKF using 4 TOA and depth
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Fig 5.4. Distance error of estimated trajectory for rough senor uncertainty
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Table 5.5. Distance error analysis of estimated trajectory for rough senor uncertainty

unit : m
Bt dw A Hol A

DR 24.922 8.605 51.856

TL 50379.62 40204.84 212778.5

LS 50379.42 40204.03 212778.5
EKF-RES 2.282459 1.313 7.813
EKF-COM 2.095 1.094 5.546

PF 1.673 0.889 6.937
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Fig 5.5. Estimated trajectory using TDOA information
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Table 5.7. Distance error of estimated trajectory using TDOA information

unit : m
3t FF AA Ho eat
DR 19.975 8.541 34.519
SI 20.261 45.606 384.100
SX 9.354 6.252 53.517
PF 1.305 1.082 6.129
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Fig 5.6. Performance of particle filter method for external sensor uncertainty

a9 579 aEade ARdeld wiel xeh vhEE BE Wyol

Lo

3
Au =Rae] A oAl d@ HEEaeIh o] 1A xis FHEE AL Y

e N

of o&] FHH ZE A )AL, Xy AlEHONA ZE XS ou|gic) a2
a9 579 s|l~EafCA xdd Ad LxE Hulex), Ha, 18l

A2 o] gato]l A F Adtolty. afeA o F Al & AL St

7} F7FE A vk 283l or7F 0.5mY W 2.5m ~ 3.4mAkel 9] Ae i)

il

W F 4289 34 A% F 98] WAHAL 3323me] At Ae eAE B
gk e e F RS o e oAt WA BE e FHAA thel

FE5 AASGH] Wi A7 95 F Ytk

- 66 -



Standard Deviation : 0.5m Standard Deviation : 1.0m
100

90

80

70

60

Count

50

Count

40

30

20

0 - | -
8 0 1 2 3 4 5

|| Xr,est-Xr real||(m)

o
~
©

(b) o1 = 1.0me] &3} B3

Standard Deviation : 2.0m
100

80

70

60

50

Count

3 4 5
|| Xr,est-Xr,real||(m)

o
~
©

(c) or = 2.0m& °x &

!

a9 57 3ElE Y el oF AN ZSAgd e Ay e E¥
Fig 5.7. Distance error distribution for external sensor uncertainty of particle filter method
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Table 5.8. Distance error analysis for external sensor uncertainty of particle filter method

unit : m
or Bt # #HA Hof 22k
0.5 0.855 0.572 3.323
1.0 1.427 1.022 5.575
2.0 2.556 1.781 10.298
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Fig 5.8. Distance error distribution for internal sensor uncertainty of particle filter method
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Table 5.9. Distance error analysis for internal sensor uncertainty of particle filter method

unit : m
A Bt # #HA Hof ak
0.1 0.7706 0.6281 3.1045
0.5 1.7501 1.2885 5.7256
1.0 2.1148 1.7202 10.7186
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Item Specification
Dimension (L)600mm x (W)450mm x (H)320mm
Weight 21kg
Drive 2-weel drive rear balancing caster
Payload Max. 40Kg
Steering Differential (2 Wheel)

Translate speed Max. 1.2m/s

Continuous run time | 2 ~ 5 hours

Motor 60W BLDC motor, Max. 3,000

Sensor Front IR-PSD Sensor, Range : 0 ~ 160cm

Controller(optional) | Note-book, SBC, IPC, PC

Operating system Windows OS (2000, XP)

Control languages | Visual C++, Visual Basic, IEC61131-3 PLC Languages

Network type Real time Industrial Ethernet for Motion Controller

Middleware MSRDS, RTC(OMG Robot Standard), iRSP, MATLAB(optional)

a9 59 olF =X AL
Fig 5.9. Specification of a mobile robot
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Fig 5.10. Experiment environment of localization using a mobile robot

Qo] AAY &3 AME 2¥ 5113 o] B1(0.0m, 0.0m), B2(5.8m, 0.0m),
B3(5.8m, 5.6m), B4(0.0m, 5.6m)oll X = ATt 1A Bl o]F ZYo] o]
dle AAY A2EA 4709 A543 WPI(1.7m, 1.0m), WP2(4.7m, 1.0m), WP3(4.7m,

4.6m), WP4(1.0m, 4.6m)S 7 {3te] o] &gt}

71 -



=
=

7m

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

61225 A& 25
WP1o| 4] WP4

=
[e)

P
g

5m
A

e
6m

KR
T

O

o

= =

T “n...................................Un..mu.....” ......... 7T 8 =Y
! € — =y Q@ = - : £ K
: 5 T ~s . 5 o w

| Ny " s E ©g i
B R Rk Rl
: ] m - m - <o

: : | : : " : < K-
m s o m & & X
e fanasaat R T - i rEEnn g SRR i mn_ S
: ; _ ; 3. m | ; ; w8 ol RO
m : : - : g WO CRCY
I 3= el L~ S I S RS-
..... e i R e - i et 1 [ anan e aa GRS MoB
I I o ds ! & A Rl

“ : _ : {m) v W . (] .m Wc ‘_lww._
o m—— - r 3

R T3
T @ T
, : : Bt

E |
- ~

5
<

™

-T2 -



Y 5.2 0% 2Rl oF AY 2 AHA
Fig 5.12. Moving trajectory and way points of a mobile robot
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Fig 5.13. Received distance data for external sensor
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Table 5.10. Distance data between external beacons and the robot

unit : m
A7 A ot o HA
Bl 1.97 1.85 0.09
B2 422 4.01 0.23
B3 6.16 5.77 1.40
B4 4.90 5.44 1.71
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Fig 5.14. Result of deadreckoning method for localization
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Repeatability of filtering methods
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Fig 5.17. Points of analysis for the repeatability
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Table 5.12. Comparison of repeatability for filtering methods

unit : m
x= A4 Hof et
EKF 0.274 0.790
@
PF 0.165 0.345
EKF 0.337 0.889
@
PF 0.204 0.513
EKF 0.131 0.367
©)
PF 0.106 0.249
ol% miel 94 Ao U ARAL YR 2 A% AN AT AAFA
Ao nAE AEE u|dtth ¥ 5132 ZHzFe] W tidk S EA3

Aolth, o] % Z¥ol 63 FRPYL we] A

ol's A& Aitstel AA 3 Aok Wla

g B3 BANe 24

F33 A= 123.6m=E

o [¢]

ZF sl g =4 ols Agek AA 58 A9 Aeols YEle eaE A

e w sEE Y ol AA F3 Al B 24T AdE B

%503 9434 sl g Fagel ww

Table 5.13 Comparison of robustness for localization methods

unit : m
ol &7 ¢ oA}
DR 136.918 13.3176
TL 383.831 260.231
LS 397.005 273.405
EKF 153.873 30.2732
PF 127.625 4.02454
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Item Specification

Dimension 1680mm x 580mm x 285mm
Weight 45kg o]
DOF 4DOF (Surge, Pitch, Yaw, Heave)
Max. Speed 7Knots
Max. Depth 100m
Material AL 6061 T6 / STS 304

Waterproof Grade | IP68 ©]7¢

Battery Li-Po (24V 30Ah)
Endurance lhour (ZHAAIZE 20+)
Thruster(3) Horizontal(2), Vertical(1)
IMU, Depth, Magnetic Compass, Temperature, Speed, Altimeter, Acceleration,
Sensor Camera, Light
Aromatic Thruster Differential Control, COG Adjuster

Vertical thruster

Pinger

Camera, Light

COG Adjuster

Horizontal thruster

IMU, Magnetic Compass, Speed, Acceleration, etc

a9 518 T 2Ee Ad
Fig 5.18. Specification of an underwater robot

- 81 -




ofy
fru
e
i3
to
z
l"-_>‘:‘4
>,
il
T
2
FN
=
I
)
S
1o,
¥

a9 5195 APolA AHEE T
T RS AA, BB, X9k Q6 Wd 4xFEE P vk 1" (b)o] ¢
AAE dd71deseA AdE 5 912 A4 FR[66]=A & o AxE F |
o] Sfe|=EREN FF 2o A =

Aol Az AnE ol gt

(@) T35 =& (b) 25 AlA

% 519, £ 2E 9 SR AlA gH|
Fig 5.19. An underwater robot and a external sensor equipment

e .
AP BA YRR

< “Towing tank” W+ 374 &

-8 -



% 5200 Fx A A
Fig 5.20. Towing tank experiment
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Table 5.15. Weight parameter of particle filter method

Zhit Zlong Zmax Zrand

0.7 0.05 0.2 0.05
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Fig 5.21. Moving trajectory of an underwater robot
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XY Plan PF Data
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Fig 5.22. Estimated trajectory of an underwater robot at XY plans
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XZ Plan PF Data

3 0 5 10 15 20
Am)

1% 523, XZ HHAAY FAE 5 2R A
Fig 5.23. Estimated trajectory of an underwater robot at XZ plans
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Om, Im)ol th3k 91 =4 ZAzfolth. F 5159 516004 x, y, 283 z= FEF
e B & 4 A9 AdE Jel ox= AfHe X F4+H

S5\ ekel A Aol oful g},

¥ 5.16. A4 (15m, 0m, Im)olA 2l 34 $%
Table 5.16. Estimated pose at a way point (15m, Om, Im)

unit : m
X y z error
1th 14.743 -0.181 0.899 0.329
3rd 15.277 -0.415 0.751 0.558
Sth 14.757 -0.117 0.374 0.682
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% 5.17. 4

4 (Om, Om, 1m)oll A& F4 9%
Table 5.17. Estimated pose at a way point (Om, Om, 1m)

unit : m
X y z error
2nd -0.329 1.354 0.626 1.443
4th -0.258 0.564 0.598 0.739
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