ByEREl ﬁgﬁ 1 2009.09.14
f

BV T EEY4H] > BY1-16 FI > N 98 F 12 £ ST 2009.10.08
Journal of Cadastral Survey 2 1 2009.10.08

Volume28,Number 4, Dec 2009,1-16

;c]H,g, &R & N M2 A IMU/GPS # £ ;X POS
NHERE BT G L
The Applicability Analysis of LC and TC Based Low Cost MEMS IMU/GPS POS for
MMS Applications

1 Al - s1_92
F 2 =3 pa i) 2

Yun-Wen Huang  Meng-Lun Tsai Kai-Wei Chiang

£ 2

TR - B BE 5 16 s B B B B ot BHOE 7 SRR AU RS B HIAE SR B (INS) B R
B8 Ji% o 5 EH L2 M BE E A7 R R DR E 25 I %1 B B 7 B B B A ERE A R (GPS)
Fo 12 (1 A7 B B AT AH S A 2 BRI - (B8 PR B AUR AR (INS) Rl R FR 5ok 2 Bl 28 RE A 2 1%
FTife < ZEREENJE. > B GPS B INS RI 2 1R AR - W#H# HAVRBELEL RS - k=
TE B A% (KF) By INS/GPS & R MMT serh - Wik e B A5 #lam - Hag BB 7l
FRaMG (LO BB & (TO A% - B4 Foifs GPS BURLEE ~ 3R & Bl INS B AHUE i
BE RBEEEMEN GPS BIHIE - SRV B REEME ] - ABFFER A LC
Bl TC Z 2844 » $HEHME A MEMS IMU/GPS S 7 % #f - e FIZE Bk MMS Z JEFH - w12
BB R R BN - AEE T GPS FRETE R AVEREE T > TC Ll LC A B ERFER - 1K
TC #7578 i B 7E 17 Hy RS Bl JHE 6 5 7 o R 1 R ) 5 JEE P AR B AR MMS (2 BT -

BRG] . BREIHIAE R ~ REREM R - B BN RHR
Abstract

Mobile mapping system (MMS), the methodology that integrates digital imaging with direct
geo-referencing, has developed rapidly over the past fifteen years. Global positioning system (GPS)
has become the primary source of providing navigation information for most of the present
navigation applications. An inertial navigation system (INS) is a self-contained positioning and
attitude device. Integrated systems provide an enhanced navigation system with superior
performance in comparison with either a stand-alone GPS or INS as it can overcome each of their
limitations. The Kalman Filter (KF) has been considered as one of the most common optimal

estimation tools for INS/GPS integrated kinematic POS determination. The most common
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INS/GPS integration is known as the loosely coupled (LC). Another type of integration is known

as tightly coupled (TC). In this research, both LC and TC integration will be utilized to analyze the
applicability for low-cost MEMS INS/GPS POS systems for MMS. The preliminary results

presented in this research illustrate the TC have better performances than LC. Consequently, the

TC INS/GPS POS system is a suitable solution to setup a low-cost INS/GPS POS system with

higher position and attitude accuracies to meet the requirement of land-based MMS application.

Keywords: Mobile Mapping System, Global Positioning System, Inertial Navigation System
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LA 28 B nY S Bl 0 A SR R (IMS) 32
FRRAN GRS » BB HERRREAE
FA T 22 T EE (E1-Sheimy, 1996) - fR1B
(Tao & Li, 2007) - 7% @ HlE R # By ]
HA—R 8 o EEAHER B2 - DU
TS AHEA st 22 [ & A0 - @ A HBA 92 T
TERE P E] 1980 AR EE A%
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(E1-Sheimy, 1996) - B4 f i RAYH i
R  H & R & 7 & # (Global
Positioning System, GPS)F1{& 14 Hl &
# B (Inertial Measuring Unit,
IMU) o J5HI = GPS B IMU & w] DA [E] B
ELLERMTTIE o H IMU = E R 5 1a) ]
#y 0 1 GPS B IR Fo 7 B BHI 28 - INU
J7 RS B E B R B PE IR RS &
H R 7= & (bias) ~ FEHM R ZEE

T~ BEBE A R AE RO (Shin, 2005) ©

JEA L > IMU A — 18 PR 2 -
A = 1l PE R A0 D G > AT {E
JFAGEIH & - 5 H 55 HEZ (body
frame) = i 7 [ B9 3 B 8 (b R0 7 n)
b - HEETEF IR EHfE > IMU T
Bic 78 A B B i 5 R U HE AT R - MR ES
oo M E #H R M (Inertial
Navigation System, INS)3& % &5 —1F
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1991) -
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2004) » HEZRAN B BE Ky > ST E 1 J
) 25 35 72 75 B TH L E A HETERE R A
A (Wendel, 2004) - [AIHF > 4o {5 BT 2%
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JHHERE ML %38 (Chiang etc., 2004) - i
gh - PR 2 8 2% (Extended Kalman
Filter, EKF) &f #f % & JE % 4 09
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I8 % 5 50 FH A B0 & R {5 T B
fig > ] DUk 18 M B 23 AL TR 2
5 0 o o B A PR AR AR B AR

S RMERFEERY

WS mERNBEG T RBEMRET
= HZEEAE 1 AR - 88 GPS #Y KF
1 B0 A7 B AR B AL ET - A A B S
KRR SRS 0 BB INSEE - It
1 7 XAV IR Fs B R ZE 4 - RS0
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BRI —ER 2N &
& GPS AT INS HUBl I & - & 2 HhEME
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T A7~ (Bar-Itzhack & Berman, 1988) :
&' =D&

&' =—2QL +Q! )x&' —R, f* +R.F" + %'
A' =ES' +R)ow"

&' =b, +diag(f")s,
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R > ESEEREAEST
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X (-l-) =X (—)+Kk (Zk —H X (_)) 7)
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S @ N R
H Ryt 5t A fe

Z Jo 7 B B S i v B

R By 77 72 -1 /7 7 A i

A1 gk 3 pb 0 5 56 8 U5 A2 =0 KF o]
7E A — I SEFT R AL T > KA INS 3R -

WEA (DR - # B 6EH EF %
HYE M & - KF 24545 k(X )% i Y
fEIRRE M & - HHE S - &R
WALSFFAE k(X IR ZIRE - B SIS
FHIR RE A & W] BE A A BER 20 1Y BE
& P ALAEE (X)) TR R i A 2
B R A B 2% A £ 31 o 1 e Ak B R B8 F P
BE kK RZEH & - Hih KF 24 -
e m il 3t Ry BE AT k REZI LA%R AT A B0 4
BB & - O A B 2 B9 & kR
FrAb e - R mfhEH AR B R A 2 s e
e - A & KR I8 B 5 3t ik (Gelb,
1974) «

R LR ET R R - T A
S Al ik B S B 38 15 7Y 08 0% 1 -
I MERE S AL U G2 YE e B9 I8 3K (Gelb,
1974) - {48 Bk (Gelb, 1974) » HEijH 3
fi# backward -3 b1 2 ¢ ] 7E W ]
15 (fixed-interval smoothing) ~ NEEL(E
¥E)SE 35 (fixed-point smoothing) ~ [& 7€ 4E
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(Gelb, 1974) ~ (Brown & Hwang, 1992) -
AFEE 3(a) iR » N BB By — R
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KE o5 — BS540 (&, ) I - Hep

k=0 1 2... N(EI-Sheimy, 2002) - #4{§
Hy ] ] 98 S £ (] W P 98 A Y e
PRI B B R 2 WS 1y > BB SR P A
B k B P AR TR O AT N 2]

qnpE 3(b)FTR o FEEMEER T > Fr I
J2 O RN o ] B B 0 2 o BE T B A

BRIIEL » K IR 5005 B 2+ 4R

B K R TR S E] N R P 8
W5 - B MBI A e L AR R E R
5¢ 2 B 75 #% 11 #% J#% 3 (Shin & El-Sheimy,
2005) «

KF Estimates

0 1 2 3
L l T —
T 1T T
Xoo X X, Xy,
L OO e
0 1 2 3
L1 I T —
T T
Xon Xy Xy X,
{RIRIRJIRS

B3 ATFHFELFETLE

AHFZ2 A B RTS backward g%k »
FH A FL AL A E & R SE 0 RTS GEE
HIl Ry i 75 5 HLf5i 58 (Gelb, 1974) - RTS
VimEEERES BRAAERE LB - KF /&
A — IR 20 P A TH IR A58 A {ECF
FER T /772 MR Ri BB - BIE D
BRBALA TN AT B IR B 23 AU A5 SR (BIFEZE N
B Zl) - #aa e Ry o5y, =5,
P, =P, ° RIS &t & J5 & 1 F
(Scherzinger, 2000) :
2.0 O

Ay = Pk,kq)zﬂ,kpk;ll,k (10)
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As o as _
Eew = S A (K

Forp X R P BRIR TG 10 B A5
A By VB AL 3 28 A e

k By N-1,N-2---0
15 ALK RE B B 5 72 AE B 40 R = A R
(Gelb, 1974) :
B:,N =Pt A (Pks-#l,N _Bc+l,k)AkT n
FFEALMEEZ] k #Y RTS SEy b
IRF o o ELid Ry — {8 pE B A AT AR PR S
13 BRI I 18 f5 1 > 0K 2 i s &
—IR 4 k+1 BFRAR o [RIh - RTS i 4
AT A BT G A R R 0 DU S AT
B 45Et (E1-Sheimy, 2002) - 35— 1@
IR 2 -1 Ak R 7 22 A7 KF FEEIATSE
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F o [@ 4 FroR s RTS Vg es EAIaR 28 &8 nl B s RBR KF R ERARE -
A fE o AN R o B0 R E B RTS P

............. » Improvement achieved by
smoothing

— — — —» Improvement needed to be achieved

Residual errors of Kalman filter
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GPS BLuhZE 3 7r p oy K B2l & je 22
[ & BN CR AE TH A% - B B8 48 f SPAN-CRT
K ProPak V3 - UGS SHEIHI& - I6F]
Fi GrafNavTM 8. 10 # GPS Ji 44 %1 I &
7220 B > $24E IMU LC MY SE 5t o &
B AL ambiguity are fixed B » GPS
1 SHE 17 BE 5T - SPAN-CPT FAJ 5 45 #8513 & 3
17 TC ¥ (b i B i 2 iih i - JE Y
IMU & B Ry W K B AR By IMU -
C-MIGITS™ IIT K MMQ-G - GPS &X}HH
SPAN-CPT HX 15 - HIEA 1K GPS Bl IMU HY
lever arms 317 IE - ¥ A H ¥k 2

Test Trajectory
‘ (xa= 2300"44.8694“, Og= 120°7'SZ.1766", hc=‘41.2287)

Inertial Explore 8. 10 A LC 8 TC
LR HETT R BEAT 1 1L - BB vl ER gl
HE2E MU BB 2 e E K
heading HYER7E -
4.1 ~ Qutskirt area

B 00 e 0 S B i B 72 43 GPS Al SR
A1kE 6 Fr o - W EABA 4G #4200 ¥ Ry INU
HEITERE - HWRBIE M IMU 192
RE - T~ 8 k C-MIGITS III #y LC
il TC {1 B M heading MYFR7 ; & 9
10 k5 MMQ-G -

4000H- - - — T---—-—- i T----= F- - A
| |
35000 - - - - -1 AAC A - N T NG - i
| |
8000~~~ - N NANA NN n
| | |
~2500- - - - - - Lo b 4
S | | |
~ | | |
L2000~~~ — —h e e H
S | | |
| | |
z 1500 -----+t-——F -~ —\—————7-———— ety il
! — ref. IMU/GPS ||
1000H---—-—-7t-F--—--—-—-—+ + DGPS &
| | |
| |
R i R 1
| |
0 | 1

-1000 0 3000 4000

1000
Ea

B 6 3% BliEEL AR

Position Error of C-MIGIT Il | — Loosely coupled

2000
m

st (m)

. —— Tightly coupled

~ GPS outages

Bl 7 C-MIGITS IIT i+ % %4
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Attitude Error of C-MIGIT Ill

—— Loosely coupled
—— Tightly coupled

1 1
0 200 400 600 800 1000
GPS Time (sec), 1,=115403.1

B 8 C-MIGITS III % i 3% 4

Position Error of MMQ-G

400
g | 1 777777 177777717777771—Looselycoupled
= | | | | = Tightly coupled
=y - T "~~~ ~7-~-~-~~7_- GPSoutages
T o T V. - A ! !
bt 1 1
0 200 400 600 800 1000

GPS Time (sec), t=115350.2

M 9MMQ-G % 3% 4

Attitude Error of MMQ-G

— Loosely coupled
— Tightly coupled

B 10 MMQ-G % fi %4
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FHfE 7 2 10 BEREER - TC LB
A P s> 2R roll B2 pitch J5 kG
FEANA = 32 BRI R B P W {1 380 2t
9 IMU £E x By @il BBy LR s [H 2
Iy INU RIS BIZY - B2 SRS B Fr

525 R FE B R heading 75 B 0 R
S o R A MU 46 LC B TC fY
heading 7117 M BLEG R » FEI A e
S 1 -

21 EEEC a MRS

C-MIGITS III

RMS value (m) (deg)
Loosely Tightly Improvement (%)

coupled coupled
East 0.0938 0.054 42.43
North 0.0803 0.0472 41.22
Up 0.0871 0.0762 12.51
Roll 1.1613 1.1010 5.18
Pitch 0.3561 0.3143 11.74
Heading 0.3146 0.3131 0.48

MMQ-G

RMS value (m) (deg)
Loosely Tightly Improvement (%)

coupled coupled
East 0.0514 0.0498 3.18
North 0.0586 0.0499 14.83
Up 0.2684 0.1583 41.00
Roll 1.2046 1.2581 -4.43
Pitch 0.4713 0.5274 -11.91
Heading 1.5103 1.4116 6.54

4.2 ~ Test between downtown and
outskirt

WGBS AR AN 11 Fros - R R A e
A H » B W RS GPS i se B AR At

Test Trjectory

o8] B o o W S AT R o fE 12~ 1 13
Ry C-MIGITS IIT By LC B TC {78 k&
heading HUER 2= [ 14~ & 15 Ky MMQ-G -

1500 ‘ ‘
1000

500

North (m)

-500

-1000

(Ay= 22059'22.5066"‘, 0= 12‘001 1'0.‘23504",

h = 36.7767)
T

al _

-3

|
|
1 1 1 1 1
00 -3000 -2500 -2000 -1500 -1000 -500 0
East (m)

B 11 PR AR
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Position Error of C-MIGIT Ill| —— Loosely coupled
T T 7| = Tightly coupled
- AN -7 — = - GPS outages

East (m)

North (m)

Height (m)

J— . | | 1
0 500 1000 1500 2000 2500 3000
GPS Time (sec), t0=1 11951

Bl 12 C-MIGITS III i+ % 3%

Attitude Error of C-MIGIT Il

—— Loosely coupled
—— Tightly coupled

| | 1 1
0 500 1000 1500 2000 2500 3000
GPS Time (sec), t,=111951

B 13 C-MIGITS 1T % f 3%

b

Position Error of MMQ-G

I I I I I I
g4~ -~ -7~~~ T [ [
= I | I I I I
i | M 1 Wy B M [ 7
P A ! ! ! !

- 1 | ] 1 1
0 500 1000 1500 2000 2500 3000
0 A L Al L e
= LA | | L | |
e R | SR I G +{ = Loosely coupled |
t | | | | | = Tightly coupled
SA0F - T T T TO7 777777 - GPSoutages ]
1 L I I I I
0 500 1000 1500 2000 2500 3000
s 20f - E——— 1 ———————— B ——— e —— ™

I | I I I I
5107777 YR 1 N | ro T 0T 17}
5 0 e N ) ST N
] M | | | I |
S LY ettt ettt \””’T””i“\’ ***** [ttt =

0 500 1000 1500 2000 2500 3000

GPS Time (sec), t0=1 11951

B 14 MMQ-G =% %4
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S10gy---1----- e —— 4o - - + H{ = Tightly coupled
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2 5Pk

howmo
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|
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Attitude Error of MMQ-G

I
3000

I I I
1000 1500 2000 2500

GPS Time (sec), t,=111951

0 500

B 15 MMQ-G % %4

MBI RIIR R 2 - HR AT
+i BES SC TR B I IR B2 B - EAL

B ZEERINE AR AKIIEETT » C-MIGITS
ITT KPR E R GIRR 1T 2a R

BERCRFF G MMS BYZEK © FRSh - MMQ-G
FIR TC HiEf b R E N RR 22 5T 2&
REIETAR -

22 R MRS

C-MIGITS III

RMS value (m) (deg)
Loosely Tightly Improvement (%)

coupled coupled
East 0.5037 0.4106 18.49
North 0.4585 0.3052 3342
Up 0.6159 0.5164 16.15
Roll 1.1120 1.1076 0.39
Pitch 0.7392 0.6474 12.42
Heading 0.2758 0.1662 39.72

MMQ-G

RMS value (m) (deg)
Loosely Tightly | Improvement (%)

coupled coupled
East 6.8588 1.8494 73.04
North 7.1154 0.9890 86.10
Up 3.5731 1.1404 68.08
Roll 1.4160 1.8026 -27.30
Pitch 2.8988 0.9335 67.79
Heading 3.6314 2.4944 31.31

4.3 ~ Test in the downtown area

B 5 W B B AR A 16 PR - B
G REA H 40%AY IR i ml i fr 2 A R
4 %1 R B A LC 5B T A B
SRR ST o & 17 ~ & 18 Ky C-MIGITS

[T #Y LC B TC i & & heading HYFRZ
19~ [& 20 Ky MMQ-G - FHER SR W15 >
B 135 B AR - GPS £E 58 18 4> SR 2%
A E3E 200 #OHY outage o i B TR K
WREAR » AT G A7 B 3R 72 A B A AN FE I - ik
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C-MIGITS III Htig MMQ-G AW ErRYME

LEUE EWEREBMENXEALE IMU/GPS EE K POS #IBENRIFT B A ZE A LT

AE > C-MIGITS I11 #4& GPS HYRE B Lhi
MMQ-G B - [KILE GPS FRIREZMA R
R > MMQ-G A§ REEL#E C-MIGITS IIT TR
K1G% o a5k 3 frzn > C-MIGITS TT1 #]
I TC e b 75 A B =2 05 1A G JE A T 12
Tt MMQ-G £ 3 B 7 [ Al il 1K - B 4h
Nime A fET e - C-MIGITS 111 ZEREHRS
FELE#E MMQ-G 5 » WA EETT -

Test Trjectory3

(= 22°59'41.6008",

9= 1 200‘1 2'29.46

46", h = 59.8584)

1000

-1500F - - - — = ™ - - T - - - r---C-- - - -0

L .l
-2500 -2000 -1500 -1000
East (m)

-500 0

Bl 16 RIzRE AR

Position Error of C-MIGIT Il

—— Loosely coupled

—— Tightly coupled
~  GPS outages

1000 150
GPS Time (sec), t0=1091 1

B 17 C-MIGITS III = % %%

Attitude Error of C-MIGIT Ill

Roll (deg)

—— Loosely coupled
—— Tightly coupled
K. A dﬁ
et

Pitch (deg)

Headind (deg)

1000 1500
GPS Time (sec), t0=1091 11

Bl 18 C-MIGITS III % & 3£

~13~



Pitch (deg) Roll (deg)

Headind (deg)
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Position Error of MMQ-G

2000
T ———
| | || = Loosely coupled
- b - e 4+ = Tightly coupled

| | | x
| A I | GPS outages

1000 1500
GPS Time (sec), to=1091 11

B I9MMQ-G =% %4

Attitude Error of MMQ-G

f f 'l — Loosely coupled
0 =-—---- AW ) TP~ 1 =~ | — Tightly coupled
0
0 500 1000 1500 2000
20F—=—----= e Fo—————= T T
o b
Ohge | | |
00—~ ro— o ettt b ol tientititiend I =~ —
0 500 1000 1500 2000
20 T T T T
| | | |
0, iy = s, JR— .
| |
| | | |
]| | Emm o = TR o R
0 1000 1500 2000
GPS Time (sec), t,=109111
Bl 20 MMQ-G % fi 384
23RBS HAESE
C-MIGITS 111
RMS value (m) (deg)
Loosely Tightly Improvement (%)
coupled coupled
East 3.7196 4.0059 -7.70
North 3.4296 1.7717 48.34
Up 12.1738 10.0519 17.43
Roll 1.2357 1.2285 0.58
Pitch 0.4769 0.4714 1.15
Heading 0.4097 0.2832 30.88
MMQ-G
RMS value (m) (deg)
Loosely Tightly | Improvement (%)
coupled coupled
East 9.8277 4.5843 53.35
North 3.1243 2.6278 15.89
Up 6.6257 11.7530 -77.38
Roll 2.3963 3.2606 -36.07
Pitch 2.5033 2.5587 -2.21
Heading 5.4537 4.5736 16.14
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