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SUMMARY

In this study, a new dynamic displacement estimation system integrating two
noncontact sensors, LDV and LiDAR, is developed. The uniqueness of the proposed
system are that (1) unlike other previous data fusion systems, it is fully noncontact
devices which consists of two laser based noncontact sensors, (2) it removes the
drawbacks of the two sensors by estimating high sampling rate low noise level
dynamic displacement from the fusion of the two measurands using Kalman filter,
and (3) it can estimate dynamic displacement in real-time by adopting Kalman
filter based fixed-lag smoothing algorithm and two-stage Kalman estimator. To
maximize the performance of the proposed system, two sensor hardwares are
integrated in built-in command level so that they can be simultaneously controlled,
and the data is collected, processed and fused by a software installed in a client
computer. The performance of the system is verified via a series of dynamic

loading test.

The developed system can be applied to almost social infrastructures such as dams,
bridges, tunnels and buildings to name a few. Also, the developed system has wide
compatibility to other type of sensors, for example, accelerometers, GPS,
vision—based sensors and RADAR sensors. This implies that the system can be
customized to any needs of research and industry. Therefore, the technique
developed and built in the system can be easily applied to other research topics
such as FE model updating, cable tension evaluation and sensor registration and

calibration.
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oAM= 238X AAIS AFNE Ay dISwwel & AAE] 7= gh
A12 LDV / LADAR A28 d% 2719 7|18 7|t

B AFEERZE 98 LDV A AA-oR 71 B AdAE9 AFEE FH3E Polytec A
o] PSV-400 A]Z=H) o] ﬁxéﬂ»ﬂjr. BoAlzEe] A9 = WA A 300 me] AgkA Ao
shar, A ¢l ARG QIEH o] 25 2EH LADAR Al&=® 39| &gto] &olstH, oA

S AAYANA ThsASE HYe e WaAsleon, A8 %7 2 BNC &=
=l of 95 dlolH et a8 9 dAFAe] Hold HolH —’Tﬂ% A=l S ZE5o
HoATe b A ghek dHl 2 A EdTh

LADAR® A% RIEGL A9 VZ-400 A4 ot} ~70 Al Aelo] A AEQ =1
A W A Sl d4 273 g2 (line scan) 715& A s}
54 7 Ad= 600moll gal 4 ASol duten E A

Agol #4 WFoz Aty FAL FEWFOL FAFAN T W AES AL 1o
A 24, #29 Ad 2aS FHAE gulold, dxql 5 ol §3W A &
A H0L Taate] YAE Aol HABT o A9 AW Fiko] ofe} F1b Abel
AHoR wMABE At A A0 A5 + du

B 7)o woh Aaea Ago] gt B4 W9E Agets ARe Ax9e 98, LADAR
o LDV sl=slols Edale] 54 FEalt sl&olth B Alswe] 4L 94 e do]
B g% Azt gel b4 deld Aw AR AN FRFOoRM ST uHE
Nzglo] Flssiths Holth LDVS LADARE W Wao] +2dA EH s £
AiH 2, dolelE Agwn, £AE Gof FelRs Yihel pssdeln AR,
Neg B9 THE BY Axdel AR Fre 29 1% 2o
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Hardware control

module
Agreement of aiming
LDV(Laser Doppler location of laser LiDAR (Light Detection and
Vibrometer) Ranging)
. l Measurement Successive distance
Ve|OC|th;g:tS:Lei::ent ofa synchronization measurement from a line
module scan

Measurement time
synchronization

Real-time data
> collection / -
compensation
il 7% 1 LDVSE LADARE °l-4f2 524 s ibguie- 2 Nef i
7h. LDV LADARS #5493
Scaling up the velocity Collection of distance
measurement usings 7t e AR @t} [27, 28l)measurements of a target
mmdeh@é"éﬁ@#é‘ﬁ*ﬁorfﬁa%ﬂb . Ll Al el A Fapsta, WAkl = point
g FAE BAS FH 1' g F =l Wgd
photodetector)ell A 2142 % H Aoz R‘&‘Z} *

Dynamic displacement
calculation after zeroing the
eginning static part of signal

u Fupet Acos (it +6,,)

ANA u e BHEVINA AED W] AV, upeis BHEV] Agse] DC Aok ‘
w, = B THBragg cellE &l mad TeAed + lh'gu G WAPTATIF FAREAT
o] FHHUA WAE = 912tk upy Tt AR -

2 A EIHDE (ow pass filter)s] F5HA7]w Lra&amanillt@ﬁ ,i}
o} smoothing algorithm

u= oo, (1) uy= sing, +
: Dl’splacement of high sampling rate, low n0|se

LSRR S0,
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) (3)

2 (3)E S 987 ¢,9 Astel Eud WHewigel 5% LDV YAE t Iy oA Zhzt
e 34S Za A4 arctan 59 Fe (—2r 2m)E AFHEE AMND A7t ¢ &
EAEe dad s 2 webA 283 34 (unwrapping process)s &3l 9147HS A&
® SR BAsoryt SutE WE 7 otk v Sx Ao s Ad3 3ol
dasiA] ke, ol B HoR Hurt wed] WL nEgtelng Ad3] Aol glom
Aol 7hs3sk7] wizoltt 917l BEAEHE nRdAd A ~dho] A(spike) FEIE W
e}, o]l AEAHFE B3 gGA AAFERE, LDV AZs £5= 493 3Ao] QT

W ASghol v A= Aol =k LDV X WY ASHALS 19 20] Qof

A
: : —.—@—v Lowpass filter u; = =C0S @y (L)
Laser light intensity after £ 7003 P Arctangent method

remaving DC campaonent cosw,t
ult) =4 cns[m, t+ (pm(r.)l — @, (t) = arctan [%)
sinw,t
Displacement  -—— gogp\;i{taggr%ﬁtangle x(t) =%¢rmf[) -—i Unwrapping lLu—

dx(t) A dg(t)
dt 4w dt

A

Velocity - Signal pracessing =

I8 2. 1LDVY &% 2 He A= Ay

LADARE Wdd ALS FALE = ol A Hzu o)A FAdo]l HEA A whALE o
HEole s AA o] F AT S3ogA BxAHIY AE Aol AgE AlS3rH29-32]
o] AT W &g Fad 44 Aoz W3le] 71535t LADARE A F7HA %
2lo] gli=d], stuE ol Az A HAZ(time-of-flight) W2]olal th& du= 94 3 (phase
shift) W2lojt}, o] A1 2 HA !

o)

%)
AL 7 3 - 5 mm=z A
=

o] ZAIZE A AS 29 LADARO = o]l 5AI AtE 2

7F s o] vk Blolms HEo o)A H2o o] FAIZME
5 Alsbelhi=], Elolw = golA HAvE FALE

(photodiode)oll HFALE o] #x H27} XA &= =3F W+ [Pfeifer and Riese, 2007]. uwh2hA]

Aot B A A dE e 22 s A &) AdE 5 Qo (2" 3 (a).
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d= cAt (4)

2

A7|A c= o] &xolt} o] FAIZE AHAS WA LADARONA Ul Erolm = AlA A 5ol
M So% 9ae . A elelm e AlZF ®alTe 3.3 ymzsA] g, ol A
g2 A 4 1 mmeol g
gWs Aol A Fag 0 ARG FEHE Wxd FEES Zie o)A Fdol FAb
], FAREA 0 91T whalEl Fa o) 9)S Hlalste] 1 WS o5 SA S o] A
G o] F AT At thgd o] AAtE 4 9tk (1'™ 3 (b))

At=—2 (5)

2 (5)F Dol tidskd A et ZFAHI AYE A +F 5 Ak

(a) | _cty ), o
47de

3+ 12 LADAR®S A= %

o
o
w
o,

f
>,
N
N,
»
oy
L
Ay
ol
1>
=)
o
ox
E

. LADARS WA ASHE /N

2 AFelAE LADARZ Emﬂ%g AZets S AMEA etk LADARS #helx

AW =M= LADARS] A&xt gldgro sy gojA Hxr) shpe] S dEHo A70s)

Al drh A€ LADAR AlA e 4§ A&e 29 A 40 WS sdshe, 71e2> 3719 He
A

ztar glemz (2d 4 (a), AW =7 Fes 120 Hzzh do 2-"elA o)A Ha7h Al
o® FAbE F Qe ke 30 - 130°% AFHA, ojuf AL Zke 156 - 65% MY
ot o= e 3 Hol kEHe AR 120° 7hedH 50° GGl RE AlSo] ol R t=
S o gty whepA AA glzgle] olf A= AlZke] ¢, o1, ZF 270 Abolell = 1.4e,,,
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(a)

180°

Line scan 1 Line scan 2 Line scan 3 Line scan 4

Gap Gap Gap

Time

tscan tgap = 1.4t5can

130° 1307

Time

a9 4. LADAR #1270 RE9] Ag wAYSE

A ) gl Al Rz -130°9] ZF HSlel = B4 HEo ME F3
Hz2 d&don A=Hn 3 ?j/] 270 AQEE AIZEE 3472 msecolth. AAH
7t Belse 0098 olm= 3 weo] Ao g 10209 #Hol FAl AZHrh Wi T
LADARZF 30 m "ol A5 AHs + H Ag= °F 5 cmolH, + # Aol AS
o= 34 usecol EF}alth @Al EEoa LADAR AlAE thSa e HolEHE

o dolA Bk FAE A%

- Ag3 BEARRE A L

o5 dlolE M EAWAT FHehE Hge 19 5ol & vheht gtk WA LADAR:
Aelel Q= mE Aol HelHE 120 Hzol AF FA42 5T (29 5 (). of
g3t BEAY ) AY L& AAeH FHo] opHE TuE WIS FEF & 9
B g Ae o8 FAAY mE FEeor Bk (1Y 5 (b)),



(a) LIDAR scans the surface i Dlstance from multi-facet mlrrcr L(

of object along a line and 22
measures the distance from 2t
multi-facet mirror L and the 1.8
incidence angle of laser 1.6
pulses o 1.4
120 Incidence angle of Iaser pulses ] (deg
100 N 1
N , \ / / \ / / \-
N / "/ / |
_ 40 015 02 0% 103 7036 . 04 T.045 7055
Object surface Time (sec)
(b) Calculate the horizontal 18 Horizontal Distance from multi-facet mirror & (m
distance H by calculating :
e 12 \F_J}\ PJ}\
712
1
120 Incldence angle oflaser pulses @ (deg)
100 - N
80 f, / \ / % \ / \ \d
80 |\, % if / J
Object sufface N o T 10‘25 7035 7036 1 04 1045 106 1055
Time (sec)
(c) Collect data which has 18 Dis.tance frgm multi-facet mirror (m) Displacement (m)
the same ¢ and transform 18 ] 0.03f " i "
to displacement by setting 1'4 | 1 0.02}
the mean of the beginning 7'2 i i i \ ' | J :
part to zero : ! ) ! : { 0.01}
1 L g T ! — s 5 LR AT
} Inmdence angle oflaser pulses (deg) i » 0 I | i I |
o IR AN AT A TN 001
100 | TR 1 N | / \ VARN /N 002
BOh Y el N mn fll Mg N -
80 \\/ N &Y N \/ 0.03
o/ L L LN - : - -
40 7016 1.02 1025 103 1.035 104 71.045 1.05 1.055 0 5 10 15 20 25
Time (sec) Time (sec)
= = [e) =
719 5. LADARE ©] &3 ®9AS 3A
= 3 o [e] 3 S 2= =
LADARE o€ 54 ¥ AZe oA 7P & a2, 19 5 (©dA &0 = A%l
= [e) = - - A
AZSE WS FS(noise)7t W= ;io]r/}_ AN #E = LADARS] dubAel A=
T

(precision)& 3-5 mm F=°]2 2 LADARE o] &3 1 cm ©]3le WS A=3}
ol o8] AAZAQA FAH] Ak weEpA ASF F ol FH5E AAG e WYo

2 (goty — BAL), x (pysty — 2AL), ..., (ot + A2t), z (pysty +3AL), THAl Tl A|ZFF oA 3
Ae] dlolg7tA] &&sfjoF skt Alzh, FIF G HolHE s &8 A5 1 dA
ot ¥, 2 3 G dolE7bA] &8 F9 49709 HelHE HH

ol WS & AL A
o] &g 4 Utk
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A > 5t At

Ap

| x(@o—Ap,

= (o + A, X(@y + Ag, v
i= — At + 6t) to + 6t) to + At + 8t) P -
&
|
k)
8 x(@o.to = A1) $ x(@o. to) (o, to + At)
w
(5]
8
g x(py — Ag, x(po — A, x(py — A,
ty — At = 6t) ty — &t) to + At — &t)

Timet

a9 6. LADARCIA ASH = A3 ol& o]l &3 = 27 7

£ ATAAE A B g AolEE AN REUE 5N 2752 3 doel 93
T 7F$Aer Bl EXS X AE 7] Y& =24 #H (Kriging method) [33]18 =<
sttt 2o A4 WS olxkd WAb(interpolation) 7o = A4 S e FE wiFF
& 3457 98 wpen AdHdod, B ATAAE ofE A7 Gl A4, 1
A BRSO A3 2ol BE Qs APS 59 715 % #(weighted average) =
L=

. % N

x(to,goo):x(to,gpo)Jr E Z )\mn[m(goOerAgo,to+m(5t+nAt)—x(<po,t0)] (7)

m=—Mn=— N

AT z(ty, p) = HFEAFANA W] A g™, mIH nd AFEATF AARetE gtom 7
S A Fgel A R oJie] AT Ao dlolEE &8TA AA G < 294 7t
| (kriging weight)g} &}™, th& HA 2 oA AA A}

K\=k (8)
o714 k= "ol A 119 FEAF @ H(covariance matrix)o|™, ;5 iHA Q1 X A o A
ASd ®ogr & v 2 84T K= Covlz, z;)°01th B3 k= SFAHIA 745 119
SEA WEHZ g, =a2(p, t,)BFL S o kiZOov(:vmzi)O]ﬁr. o] HEHE B AfoM tFE=
AW Al ol M AFsivha ddE =, 1 oolfE AA WS S AAHT
e #go] 7h§-Alek 85 W4 (Gaussian random variable)2] 548 #x&7] wliLolt} olF
B Y Y ZHY A A9EAIEHY 5SS 2] wiEed #FF 540 AF3 g
of JFHve d=d FelE 2 Hol, A% AW Zvk dH (Kalman filter)ol] 2841 &l
gk 712 7FEARE] TReAIQE StE Rl fiulE o
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P H7IAA o ER, SetoZ LDV LADARS &A=
71838t A2 AREY BUbEsith LDVE dol A FaAde] Ae oz AW Jheshd
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rr
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i
1
0 r

A&l M7t LDVAA 53 ARE S g4 dotd 4 vk LDVE Ailo] W&3sh+=
oA B 4 = FHZto] B3 FRE AFSEZ LDV LADARY A&HAE Y
gk ol MAASA A ALtol Jhsdtth webA LDVE #HeolA @] #3tS =R A
AallFa, T AAe AXAHRE ALEAZEE Sjgvtol LADAR sA9 A4S Astetd
5 oA FAol mxtats A IALS A 5 o

% H
geled o Stk LDV ol A 38 a4, &% A,
A el stgan, Ao LDV LADARS] A9 =olE FdstAl =43t o|f4 AAME
st U 05 AAss wAle 1 83 o] 22k Ao Uet EAR destdn. 7 oAl
A ozre] Ad pe AREAZE AF AFsE sk, = 1 - 2 m FEolA A HE
2 ASel F27 etk &t Sk M 7ol A2l L2 LADARE o] &3 Abd A9
ASAIEelM 2442 5 vt

18 7. LADARY] 3|d7 A4
F 1S A¥A AN 29 73 FUd HAHS 3 LDV LADARS 2F9X9 42 HAES
Azt LDVS A=AA7 A L7 LDVS LADAR 7ol Ag DE trstA z&stda Zzaas
Fa sAIALE AEl AFoR 3| AAT|A, o] W ZEAHIF FHAZYE FH3AT. o] u

LADAR®] #loj# "2 Holx gomz [TADAR Ao ¥Wxel #ojx EAHS {2 uAser.
AgAy F AAs vg AES FRdA EXAES 2552 doS & 5 Ak LDVE ASAH 9
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At BelW5E oAzt FH Fsn Yt FAE Helu, AFHEE UM 1 amF FRI F
Z3h: BT 0204 cm®] @A molm ok BTEE AZA AN AZAH AT 30 m o4
oldehE, X TelA A WS Ba £FOAE 05 om oE AxHT 5 UL Ao ByE

®

£ 1 gdolA BH =FE2A
L

LDV-AZX|HE 2t He| LDV-LADARZ} Hz2| Ar=E S 5 M2 LDV-LADAR =&=X|™ 7t
(m) D (cm) 0 (°) F=ZAHe| (108 ) (cm)
1.5 60 21.8 0.18

120 457 0.17

180 50.2 0.19

3 60 11.3 0.19

120 21.8 0.19

180 31.0 0.20

45 60 7.59 0.21
120 14.9 0.21

180 21.8 0.24

6 60 571 0.24

120 11.31 0.21

180 16.7 0.22

o 0.204

LDV} LADARE 7)E Al Al2Hlo =
T WS ol F Axd o},
T 2Y s48ES ASete 54 o v AlS delgol AIZRgE ouje] FAe
e AFEAl Al ASCH Y Fej= Al3grt. 18y LADARS 2+ 2= &
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=
H A7) wel ok AR = AIbg s E AHH R At et

T A ASAAEE LS F AN Adeks WEE R oA Aedn. oA Ee =
27 AelA F AAd ASAAEE S T4 S & dvke vtk 18" 82 o] %t
2e HA4S F3 LDVl AlSe #9lel LADARONA ASe W& vk slojt), 17
A AT F ARl FA FHAA F AE 1o AIZF F78E TR FollA olFHA L
Ark. Bk AEgE EA4S flel, dE ejFE] vk MeE A8 LDV LADAReIA
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43l ofFojMutar 7pgstaL, of Amel AA AAFeA AST AsE vasiith vlal 2
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ﬁ]z@ 1% 3 'éﬂ‘l'%”“"r" ol e ff Audey |
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27

A y LEEEEEE]
oh. LDp#| LADARE\ 7|t ff s4ues e o
e

W
) Lpvy ol el ud g A

W IDVel Az

LDV aisplacement

——— LADAR displacement
I

e vlolelel e Eel 4de)
A gl »«5
(3) LADARS) 4159 #3147} LDV vlal o 5
S7h Aol Helof wck

ol AAEAE FHs) A £ AN BRANE TP IUE Bz AT
ko3 4¥) 2% (Kalman 2] el
¥ (two-stage Kalman fiter)o]c}. 73t A% dolelg e 2 Bl
oA @b Aeslel wWelw B4w 4 2T, LADARS) wsle] fheolAl wigs watay
(uncertainty) & e8] % AgRkehe galel gt £ LADARe) A%kl LDV
oo Polt 84 neld u, By A AR P
31, LADAR®] 7 A& ASOE FowA Adts Adgend GH AERE A
AN R AL 4 Aok Bl Ak

Aastsl

ol 4w 1

7t 2% WE 22F ¢ndF

KA A TN S 0] A F)7E LDVAIA ASR @ 1,0, 9B FAL A%
W w(k)eh WA vkelel 2(bias) b(k)F ol F ATk 74 st

H6) = i, () + 0 (8) +b08) ©

Time (s)

24




welel R} ge Hxo F He sAder FAALE Az, "HIH & (Taylor's

expansion)& ©]-&3l] v Zo] dETE & Qrt
ok + 1):a:(k:)+5v(k:)At+%i(k)At2+%x(3>(k)At3+”' (10)

o3} & olske] WA B weshetW, 4 (10 thE ol st

z(k+1)=ak)+z(k)At+e(k) At (11
o7)4 At dkel Az #3749 A (nterval ol 1L, e(k)E The3t o] EATTH
e(k) = Ti(R)At+ T2 (WAL + oo ()AL + .
A (OF A A HYstE gy 2 FAWY FAAEASE d& 5 A
2(k+1)=z(k)+z,(k)At+wk) At + (k) At (12)

A7 e(k)=bk)+e(k) 2 FEFW A M Hloloj~ Q 7o} FXARE o FE Wt dA &
FE Stk o714 HA k) 945 (piecewise constant)® 7FA 3t} (Rajbhandary

9« ( o T o
¢ Zhang, 2013). BT (k)7 Alz=gle] SEQow AAFHE Flo] ofet, 24 ASgk
of o3 AAdTE AL ovgrh niololx p(k)= MM AFT SAolx, FAAHET
e(k)= H AFAD] Faeor 22 SAo wet @epiv= H& udsid 3dd 7Hgol
o ool Aol wetb e(k)= v o] xdE
(k+1)=e(k) (13)

z,, (k)=zk)+v(k) (14)
THEE o] AH I 22 2 (12), (13), DolA d& & ok WA Ad 9HE g3

_ x(k))
x(k) = {8 (15
Aolg FEMEE vgoR 4 (12, 19 20w TAsHE Ju 37 walol Axw g
A4E et ol FE 5 Ak
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x(k+1) = Ax(k)+By(z, (k) +w(k)) (16)

o] 714 g4 A9 B,= the 2

1At _[At

a4 B[4 an
T 3 R B35 AL A (14)RFFH ozt

z,, (k) = Cx(k)+v(k) (18)
q7|A #SF g4 C, & v 2o

Cy=110] (19)
2 AT frEe dE et Rd ol ZARkdy Zink WA Z|HelA &8 2
tav [19]. o]d RdoA = eyl e =2 &84 3 (M9, £5) wo] £3E o] 9l
of Hielojx A5 AR AT = Uodv webA HlolojAE FAlstaL w4 WHeE A e
A, o]= wpolojx @ ko] ARFo] FHF AAFE WLl HoldA He FAES 24 d
o Yy 2 AT s A w9 W oofye} wlololx @A AR o R AFHE e
ol FAX upelo] 25 FHA 07 AAst Huh A& 49 Aol Jhesttt

i dHE o] 83 sAHS g Aae o5
2ok oA AW Avdy = AA 7 e AR o|FA =, utE AR o Sl (prior
prediction step)®} AF$nlA ©HA| (posterior correction step)©] Ao S Al A AR E =
2 (16)S vz d AaA k+19 e x(k+1)S Oﬂff.‘—??}‘:} ojluf A AJZFekA ] AFF L
QA A A E ghuto] o] &HT 7|4 ASHE wk)> Birel 020 &E#4(random
process)Ol B2 x(k+1)¢ HA d=X= tpen o] zdHTh

X(k+1lz) = A x(klk) + Bz, (k) (20)
ojuf 24 9=kl 7k TS} Zo] oA FEAF FE 2 el o]

P(k+1lk)= AP (kE)AT+Qk) (21)
A7) Pkk)2F Q)& thS3 o] Aot

P (k) = £ (x(k) — (k1)) (x (k) — x(klK)) ] (22)

Q(k) = E[Byuw(k)(Byw(k))"]= By bl (23)
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[24-26]5 o] &3 M= WL 7IMS dstdnh e 7He duk AvdE g vuke
2 3 AHet BdoA 1dAR ME s, voloj s oA E AEME R st EUE
FElE Rt oA 2@ AR wlolol A5 KWy w2 A 8etA AR ojd A ARt H S A
SFomA 7)E Zvtdy 7Nk MAA V1YY ddS riH e JNAE QU oA 2
a Aty 2%y dueFo] Ago =, Aibo]l 5] HAY AdH wEel obr|Ee 27
24 92 Zolal, LADARS W7 o] FolA e AFAA Ve FY RE B
A% FgE =Y F dvk 2" 72 ToA Atk 71| Fhere ANd RS vERATH

Velocity measurement

*?High sampling rate
#?Bias (low frequency noise)

Stage 1 estimator
(State estimation
ignoring bias)

Stage 1 estimate
o?Estimate displacement in which
bias is not fully corrected

-

Displacement measurement

o?Low sampling rate
#?High measurement noise

h7b 2, LADARAA A% ¥
Foldd sirka b4 ot

Stage 2 estimator
(Bias estimation)

Stage 2 estimate
«?Estimate bias in velocity
measurement

_38_

Final displacement estimate
«?Displacement estimatio with high
sampling rate, low noise and no

integration error
*?Reduced initial estimation error
«?Improved overall estimation
accuracy
*?No needs for smoothing




ck—1)=2(k—1k—1)+2z, (k—1)At (43)

m

Plklk—1) = Plk—1lk— 1)+ o> At? (44)
K(k) = P(klk—1)(P(klk— 1)+ 0?) (45)
z(klk) = z(klk— 1)+ K (&) (2, (k) — 2(klk— 1)) (46)
Pklk) = P(klk—1)— K(k)P(klk—1) (47)

DV, LADAR®] &9 #to=w = &7 Hito] 00]7] wji

ey 2] (43)-(47)e] AWk ARbEE R = vpolo] s prt AEE ] wite] AHEE FH w9

o] Brbgsit wloloj s pE E e duk AvtdE dueEe oy 2y
2(klk—1)=2(k—1k—1)+=z, (k—1)At (48)
Pklk—1) = Plk—1lk— 1)+ 2 At> (49)
K(k) = P(klk— 1)(Pklk— 1)+ o?) (50)
2(klk) = 2(klk— 1)+ K(k) (2, (k) — 2(klk— 1) — b(k)) (51)
Plklk) = P(klk—1)— K(k) P(klk—1) (52)

- |

T gdugFe] x7|ge] 2, Kk), PRE—1), PE)e] ke WalA] gki=th webs] ulolo

22 YAt A3 Aduk A Eda A& g(k)o] g nlolo]AE |3 Aol Zukd
al

z(klk—1)=zklk—1)+ UK)b(k) (53)
z(klk) = (k&) + V(k)b (k) (54)

Uk)=vV(k—1) (55)

V(k)= Uk)— K(k)S(k) (56)
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Hpolol 2 b(k) Al 4 (53), (54)e] 7HAell o8 AT WA AS Jo]Fs

r(k) =, (k) —2(klk—1) (57)

olg} AelstaL, o] 5 4 (B3 WYstH vt B2 A At

r(k) = S(k)b(k)+ 2 (k) (58)

714 z(k)= wheak 2ol AFojHnt

2(k) =, (k) —z(klk—1)—b(k) (59)
olu] (k)= ETIE G 7F9AIQE FEH Aol 1 FEA AL prk—1)+olE AAE
of. webA 2] (68)2 TuhE A7 Rde] #E w2 o g HFE 42 9la, ulolo] X~ p(k)
7F 4984 dEs 7HAESHA

b(k)=bk—1) (60)

olebz MRS Alzg WAl wEodth web A (9% 60 ARe AU mAS
Q
[e)

b(klk—1)=bk—1lk—1) (61)

Py(klk—1)= P,(k—1lk—1) (62)

K, (k) = Py (klk—1)S(k) " P(E— 1)+ S&) P, (klk— 1)S(k) + 02| (63)

b(klk) = b(klk— 1)+ &, (k) [r (k) — S(k)b (Kl — 1)] (64)

P, (klk) = Py(klk— 1) — P, (klk— 1) K, (k) S(k) (65)
A, T4 E 1A 2vA AutZde s Wadgsta, o FAHAA vkt vk E Al
abgto @ x zhes] 3 4 Q) oldl AAE AXW, 2 (54)E B8 sH WL HA AbAA
A z(k)7F AT SAESY AHEe He ojdA ZvrdE dugFe Mdss 19 9o U
Bt doh
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Stage 1 : State estimator without bias

Start %)  P,(0)
Prior prediction f_(k) - A)i(k -
P, (k) = AP (k - 1)AT + Q(k)BB7

|

ngain.. K. (k) = Py (BT [HP, (fOMT + RO)| ‘

PR
Posterion-
131 10 (b8 7HEE dolg
estimation:
2 fysid

)y (k) — HE™ (k)]

B (kY = Py (k) = Ry (k) HPB; (k)

Stage 2 : Bias estimator

sat_ U0 =0 Vo I
u(
Sensitivity marices S(}
_,| calculati
calculation V(i
. - b~ I
Prior prediction B
Py
Kplk) =
e gain ) ) -
| | Posterior
estimation

State estimatic
State estimation with bias | Kalman gain

Error covariance
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gl F AAErRe doly A5 RrolX yxdatE o] S Auel HF dEdEth. LADAR
Ag-ol= Aol #H TCP/IP 2 EF & Wi-Fig §3] 2%,

lo o

VZ-400 Terrestrial 3D
Scanner

-_-_.-L,—~

PSV-1-400
LDV scanning head

Umbilical cable for transfer
of light intensity and video
signal

SCSI-ll type
acquisition cable for
data transfer

PSV-E-401
Junction box L,

S-VIDEO for video
signal fransmission

" USBto operate
controller via software

e 2 4
RS232to operate | Acable for v Interferometer
controller data cable for data
transfer transfer

OFV-5000
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//pointcloudcpp.exe
#include <include/riegl/scanlib.hpp>
#include <iostream>
#include <exception>
#include <cmath>
#include <limits>
#f defined(_ MSC_VER)
# include <memory>
#else
# include <trl/memory>
#endif
using namespace scanlib;
using namespace std;
using namespace std::trl;
FILE =*pfile = NULL;
class importer
: public pointcloud
{ ostream& 0;
unsigned long line;
public:
importer(ostream& o_)
. pointcloud(false)
, olo_)
, line(0)

o.precision(10);
}
protected:
void on_echo_transformed(echo_type echo)
{
if ( pointcloud::first == echo || pointcloud::single == echo) {
target& t(targets[target_count—1]);
double range = std::sqrt(
t.vertex[0]*t.vertex[0]
+ t.vertex[1]+t.vertex[1]
+ t.vertex[2]+t.vertex[2]
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);
if (range > numeric_limits<double>::epsilon()) {
double phi = atan2(t.vertex[1] t.vertex[0]);
phi = ((phi<0.0)?(phi+2.0%pi):phi);
double theta = std::acos(t.vertex[2]/range);
t.vertex[0] = static_cast<float>(range);
t.vertex[1] = static_cast<float>((360.0/(2.0%pi))*theta);
t.vertex[2] = static_cast<float>((360.0/(2.0%pi))*phi);

}
else
t.vertex[0] = tvertex[1] = t.vertex[2] = 0.0;
fprintf(pfile,” %6M\t% N\t %\t %\n", t.vertex[0], t.vertex[l], t.vertex[2],

t.time);

}

void on_unsolicited_message(const unsolicited_message<iterator_type>& arg) {
pointcloud::on_unsolicited_message(arg);
cerr << "MESSAGE: " << arg.message << endl,

}

void on_line_start_up(const line_start_up<iterator_type>& arg) {
pointcloud::on_line_start_up(arg);
o << "line: " << ++line << endl,

)

void on_line_start_dn(const line_start_dn<iterator_type>& arg) {
pointcloud::on_line_start_dn(arg);
0o << "line: " << ++line << endl,

}
%
int main(int argc, char* argv[])
{  try {

if (argc == 2) {
pfile = fopen("result2.txt”, "wt");
rc = basic_rconnection::create(argv([1]);
rc—>open();
decoder_rxpmarker dec(rc);
importer imp(cout);
buffer buf;
for ( dec.get(buf); !dec.eoi(); dec.get(buf) ) {
imp.dispatch(buf.begin(), buf.end());
}

rc—>close();
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For 1 = 1 To x_grid
For j = 1 To y_grid
k=k+1

Open "C:\control\point.txt” For Output As #2
Write #2, i-1

Write #2, j-1

Close #2

Wait(1)

Open "C:\control\status.txt” For Output As #2
Write #2, k

Write #2, oNumberPoints

Close #2

" Start scan
Acquisition.ScanFileName = "C:\control\Scan.svd”
Acquisition.Start(ptcAcqStartSingle)

" Wait until scan finished

While Acquisition.State <> ptcAcqgStateStopped
Wait(0.1)

Wend

If Acquisition.Document.Windows.Count() < 1 Then
Acquisition.Document.Windows.Add()
End If

Dim WndAnalyzer As AnalyzerWindow
Set WndAnalyzer = Acquisition.Document.Windows(1)
WndAnalyzer.Analyzer View . Export("C:\control\result\” & (1) & """ & (j) & ".txt’,
ptcFileFormatText)

!/

Set WndAnalyzer = Acquisition.Document.Windows(2)
' WndAnalyzer.AnalyzerView.Export("C:\control\resul\CH2\" & (1) & "" & (j) &
" txt”, ptcFileFormatText)

Next 1%
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Next 1%

Open "C:\control\status.txt” For Output As #2
Write #2, oNumberPoints+1

Write #2, oNumberPoints

Close #2

End Sub

C. a9 &4 g8 =

function [disp, dispAvg, tTarget] = LADARdataProc(lddata, tTheta, numAvg)

t = lddata(:4);
t - t(1);

=t
Il

dist = lddata(:,1);
theta = lddata(:,2);

figure();
subplot(2,1,1), plot(t,dist), title('DIST FROM MIRROR TO TARGET (m)’);
subplot(2,1,2), plot(t, theta), title ('THETA(DEG)');

figure();
subplot(2,1,1), plot(t,dist.*sind(theta)), title(’HORIZONTAL DIST TO TARGET (m)’);
subplot(2,1,2), plot(t, theta), title ('THETA(DEG)');

disp = [I;
dispAvg = [I;
tTarget = [J;
index = 1;

for i=1:length(t)-1
if theta(i)<=tTheta && theta(i+1)>=tTheta
disp(index) = dist(1);
dispAvg(index) = mean(disti—-numAvg:i+numAvg));
tTarget(index) = t(i);
index = index+1;
end

end
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length(disp)
disp = disp - mean(disp(1:100));
dispAvg = dispAvg - mean(dispAvg(1:100));

D. 259 7|8k vlolojx AH A HY
function [xhat Khat] = NewModelFixedLag(tV, vel, tD, disp, L, dt, q, 1)

xInit = [0 ; OJ;
PInit = [1 0; O 1];

A =[1dt 0 1]
B = [dt; 0];

Q = [dt2 0; 0 0l;
H = [1 0]

R = r%/dt;

K =0

xhat = xInit;

n = length(A); 9% order of the system

% Augmented model construction

[A zeros(n, n*L); diag(ones(1l, n*L)), zeros(n*L,n)l;

Baug = [B; zeros(n*L,1)];

Qaug = [Q; zeros(n*L,n)l;

[H zeros(1, n*L)];

xhat = zeros(n, length(vel)); 9% initialize the estimation array using the order and
length of the data

KL = zeros(1, length(vel));

Aaug

Haug

x = [xInit; zeros(n*L,1)];

P = [PInit zeros(n, n*L); diag(ones(1l, n*L)), zeros(n*L,n)l;

updtlndex = 1,
for i=l:length(vel)-1

x = Aaug*x + Baug*vel(i);
P = Aaug*P*Aaug’ +q*Qaug*Qaug’;

if updtIndex <= length(tD) && tV(i)<= tD(updtlndex) && tV({i+1) >= tD(updtlndex)

K = P*xHaug'*inv(Haug*P+*Haug'+1);
x = x + Kx(disp(updtlndex)-Haug*x);
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PSE = eye(n);
xSEstr = [

U = zeros(n,1);
V = zeros(n,1);

S = zeros(n,1);

Ustr = [];
Vstr = [];
Sstr = [

for k=1:length(acc)

%PRIOR ESTIMATION

% Bias free estimator (prior)
xBF = Ax*xBF;
PBF = A*PBF*A’' + G*G';

9% Sensitivity matrix calculation (prior)
U = A%V + B;

9% Bias estimator (prior)

% No prior

2%POSTERIOR ESTIMATION

if mod(k,rate)==
% Bias free estimator (Kalman gain)
y = [disp(k); acc(k)];
KBF = PBF=*H'*inv(H*PBF*H'+R);
9% Sensitivity estimator
S = HxU + G;
r =y - H*xBF;,
V = U - KBF=*S;
% Bias estimator
KBE = PBE*S’*inv(H*PBF*H’' + S*PBE*S’ + R);
bBE = bBE + KBE*(r - S*bBE);
PBE = PBE - KBE«*S#PBE;
% Bias free estimator
xBF = xBF+KBF*(y-H*xBF);
PBF = PBF-KBF+*H*PBF;
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else
9% Bias free estimator (Kalman gain)
y = acc(k);
KBF = PBF=*Hr'*inv(Hr+PBF*Hr'+Rr);
9% Sensitivity estimator
S = Hr+xU + Cr;
r =y - HrxxBF;
V = U - KBFxS;
% Bias estimator
KBE = PBE*S’'*inv(Hr*PBF*Hr" + S*PBE*S’ + Rr);
bBE = bBE + KBEx*(r - S*bBE);
PBE = PBE - KBE«*S*PBE;
% Bias free estimator
xBF = xBF+KBF*(y-Hr*xBF);
PBF = PBF-KBF*Hr+PBF;

end

xBFstr = [xBFstr xBF];
bBEstr = [bBEstr bBE];
Vstr = [Vstr V],
Ustr = [Ustr UJ;

xSE = xBF + V*bBE;
xSEstr = [xSEstr xSE];

end

subplot(5,1,1), plot(tA, xBFstr(1,:), 'b’, tA, Vstr(1,:).*bBEstr, 'r’), ylabel('BF’);
subplot(5,1,2), plot(tA, Vstr(1,)), ylabel('V');

subplot(5,1,3), plot(tA, bBEstr), ylabel('BIAS’);

subplot(5,1,4), plot(tA, Vstr(1,:).xbBEstr), ylabel('Vb’);

subplot(5,1,5), plot(tA, xSEstr(1,:)), ylabel('SE’);
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>> FindDist;

(4) MATLAB W&ol Zol ths HEolE gt

>> DispDataFusion(dist_ LDV_LADAR, dist_ LDV _Target);

o] 714 dist LDV_LADARY PSV-4003 VZ-400 Al2~€l9] 3| AAES 1+ A (9]E ©
f)elH, dist_ LDV_Target< (3)¥H 9] o] AdA Aygtoe=z o= VZ-4002 3
AALEH 53 ASAHE 9] Agloltt.

(5) A ¥ W97k MATLAB vdlolE] @2 o Agsm, o &8s 9 Hxo =

ot
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