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ALZERE L 0 RZ2 CRARGHAA FTRE 72 UAV 58 L — Y 2% v FOHBUC LV | LV &
RBERBAROESGT — 2 ZBGT 52 ENAREE RoTc, LrLAedn, TLS & Hlkd 2
&L ALS OB OFHHITEA T 2 HABIE OFREITD 22 < FHTBIAR T O FHo Bis
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=0, MR LD RET — & A bE D 2 & TEEMAR SR DRSS 2 BG+ 5 =
& DAEMEDNR ST D 33959

2.4.2 HEHEEL—YHIE (MMS : Mobile Mapping System)

ERGEL—VHE (CIF, MMS) BEWICV—F A% Y T 2#8#T 5 LI2L-> T,
EEAG 2925 2 & @E OETHERE THRMICT —F ZBET 52 LNHETHD 9,
BB ETICE DT —FRGZHINE LTWDHToD, HHE A2 XI5 & L3RI O Ehid S i
TEY ., MMS (T &> THIADERE, (&, B, mil, SfE2 ST — 2008 T2 2
& T, BB EROERZ PR LTS 5, £, BAGHANC X D HBUGT — Z OZhRME)
5. BN TORBABRBARTH O AN 2 MRGE L7 FBIFEET 2725, TLS &l L, ol
ERIARDIEREIC L5 b — Y O M O R HM I L DA OFIEMEDR S 206 BiR
RO ERET — X ZlRICESE T2 2 E N TERVMERER I TND D, 207D,
BIART — &% OEFFFIZHB VT MMS ZFIH L7255 65 B2 (DBH : Diameter at Breast Height)
O fE (CPA : Crown Projection Area) 732 & D JRfTHI7e I EE R E K > T2 E DO, &
FEEICHBIART — 2 OBSB LU 75 Z LN AEETH DL B X LN, 7o, HlAL
BREIZANTZSE . MMS (2K 2 FHFRA L B AR CIXFHA S R 41, #0]Tlheu
LEZBND,

2.4.3 NNy HBL—HRX ¥+

Ny 78y JRIL—F 2% v FiE, L—PF 2% ¥ L 2RHIX & A O EHEE & FRFC
179 SLAM OHEATIC L - T, HEEZHEAI B TBEGHHIZB IR 5K R TH D (M5)
9, Ny 7 Xy ZARIL—H 2% L, ALS & TR0 BRARNERD D X0 SR A
HIDFEEE LT, Ry F v — ¥R EMREEICED AFLTNWD O, TG I b A
a2 BLET 5L, FHARTOBEGHINC X 27— & B0 5 i i B & SEARNLE % B
ICHEE T 2 B & U CIEMENL ST 28 60929 ITEAE 2 BAAK 2 & RIS 3 %
FEELTEHLNZESN TR, £o, LT =26 (Fx V7 Lr—3ay)
DL LT, ENGFHIICBWCEZOFMMEIN R I TS Y HARERZ: & DR
ZERICOREZEZT-SE, Fx VT L— g VOREICRENED, Z07h, Ny
Ry 7L — Y 2% v I L HBEEHINT, LKL O BAEE & 5 > AUl EHI
T2 EDOAMEDPRINTND A, BHABTEOERE & L CIREE &5 2720,
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o>

H B : https:/www.flickr.com/photos/hidakuma/albums/72157688124521586

2017 9 A4 BIZ, BAKRE - BRAIEXARFZLDAREAET., IRERRET DM AN
EZEEL-, BEFARIEZEXRZDOFBICLSLD,

5 NV INRYIBL—HFRIX v OFHBIOKRF

2.4.4 #ER3ID L—HXF¥F (TLS)

VTAE, TLS 13/ N L ERE D\ EAEA T2 Z LI K0 Bk E 0 BARZERICB VT,
WNERE COWMANES Ll o2 Z L TIRK AWDLND L9~ T, F7-. FHAUE R I/
SNDN, ALS L0 bIRIRIEROSFEM CEBERBARSEN G T2 2 TE 2 &0
5. XV SRS L O B S A A~ 2 & (AGB) OHEENFIRETH 5 99, F7-,
TLS ZfEH L7 BAROFHIZIB W TS . B O NHENIC 872 2 36 K O oR] 7 A# 1% (Canopy
Structure), FEMFETEE(Leaf Area Index), FHERDFARIE F C & 42 A BE /R 7178 B ORI Ui
MEFFTED ZEBHLNITR->TND B0, Z D Z b BIAROFEMREIRIEHREZ 1S5
TeHODOFEE LT, TLS Z HWEFHIFR b TH D &2 b D,
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https://www.flickr.com/photos/hidakuma/albums/72157688124521586

£3E BAEEZNRELE-IDHBRETILOEBE

3.1 HiER

AARFER 2 %15t & L7z 3D MR T VORI EETIEOREZ T 57212, 5L
A2 HEET HMNEND S, BEEMZETIE, TLS I THRE S DRSS 3572 3D
BIRETIVOMEIZAEN TH D Z ENRIINTNDHH 9 K TR W T FENZ X 5 4L
HPRFELTEHEY | BIR 1 ARY T OBEICEL S O] &5 &2 B L LT, £Z T,
N DOMBEEFERT DT L LT, ABFSE Tl TLS-QSM k% T8 & L7 3D fiiAET 1
DOHEELZRA T, L L7 5, TLS-QSM 1£% H ARFERIC THS S D BIAR SRS HEH S
B H70120E,. HBONDOBENFET 5,

91 2HIZ, TLS ZH LBIARFHIIC I T BRGNS Al RE 7ot O PR A %
HODNZTDRENRD D, £ 2T, HURERTFHEARF v /S ANITT, TLS & Wit
W% 35 2720, BHEICE R AR > 7o O BUS OG0 2 et 2 (3.3),

2 DHIZ, TLS-QSM {EIIMIARSEEOIELRER T 588 (LLF, BEAHE) MR R
DAVIRRBAFE LI TH D, D7D, i - Bk 2 58t (LLT, 5 - Bos#e)
CHESBEONHEE B R ) LD OF R TIEC O W TS (3.5),

3.2 BAERFETHEALT TLS Ok
ARBFZEIC T, HARRERFA T L7- TLS 1% RIEGL #:#o VZ-400i (X 6) TH 5, # 1
W, EOHEREFLT,
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=1

VZ-400i D4

BRI TE AR TERE

TA =77 4 — IEC60825-1:2007

77 A1 (AFxxy =7 HFoOE—20)

IOV ARBY KL L— F(PRR) XIERA]
100kHz
EHAEL—F IEFR)

I 7 R B
KHE=90%D B % —47 >~ 800m
KHE=20%D B % —47 >~ b 400m

42,000
T 7 B S B
1.5m
7V A#RY KL L— B (PRR) T 7€ BEREEE R
300kHz B Z=90%D B8R % —7 > & 480m
BRPELV—F BIEF) RETHE=20%D AW &% —47 > b 230m
125,000
T 7 B S B
1.2m
2RV A YR L L— R (PRR) T 2 BE R PR
600kHz R =90%D HRW % — 7"~ ~ 350m
ARRIELV— BIE) FSTHE=20%D AW 5% —~7 > b 160m
250,000
T 7 B S B
0.5m
2RV AR L L— R (PRR) T 2 BE R PR
1.2MHz R =90%D HRW % — 7"~ & 250m
AHPEL— b BIEF) FSHE=20%D B%RM &% —5 > &+ 120m
500,000
T B L B
0.5m
BIEREE +5mm
L—YRE 1550nm GEFRIHMR)
E—LILA 0.35mrad
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(&1

VZ-400i DiEHR) D=

AEX v Dtk

SAVARF Y
A%y = T
Ay = T
A¥ =T L—h
AT v 7E A6

L —H%— 3w MH

FRERTA IR Y Sy fiaE

e
@M

k— % J1 100°(+60°/—40°)

Az ESE (RKY T2 T—)

374 R IFp~240 T A > X/F)E TIERATHE
0.0007°= AB = 0.6°

0.0007°(2.5 Fbf4)

TV—bLAFX %

Ay = T

A x = T

AXy =T L—h

FEAT 7 A0
L—H%— 3 v MH

£ R~ B Y Sy fitae

0~360°
FHEREOL~ > R
0°/Fb~150°/%p
0.0015°= A¢ = 0.62°

0.0005°(2.5 Fb4)

GNSS Z{5H L1 (1575.42MHz) Z{5H#&PVEL,
GPS, GLONASS, Beidou % [F]FF3Z {5 Al HE
L —PnE SR )
WNEBEH# & A < — Pl
79 RXFL— Amazon S3, FTP-Server, Microsoft Azure
— BT —4
FEE (REIXER) 206mmx=308mm
HE %9 9.7kg
e EIR 11~34V DC
A EIE RIEGL add-on NiMH /X & 5 ) —
R 2 DO L= AMNAEIR 2 Hai LT, B
POEREE & S TEEARE,
HEES FEYE S8W fie K 8OW
RE7 7 A P64 BRE - Bt
15 BE A
YEBNIREE 0°C~+40°C
REIRE ~10°C~+50°C
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3.3 TLS T &k HEHRIRIRE7 &= D ARELE

TLS ZFH] U 72 BIARGHAN L BRSO BRSO BLE & E DA ZMEZ S 2 TR L7208,
ABFFETHE L7z TLS (VZ-4001) 237TRE &3 DM sl 2 EEd 2 LB R H > 7=, TLS &
i U 72 BEREHINC K 2 BTG Mo B & 88 s HEE ~ ORI H OB PRI BEERFFEIC TR
TSNS 0 AREFFECEIE L 72 5 DIIBHEONENIC H 72 5 #d LU OBTEE )T o
. ZNHDERE SIS TE OBEEZRA LT HUNERDH ST,

Z 2T HRURERFIBEAF v o S ANOEMATAS IS TEZITV, B m oA 2hb
OWGEE B Z 2o 72, IEMFIUASICIE, BADSBEA 30mBED A X a1 ¥ £ T, Hix
REIRPFELTEY, RiEzB I 2%y LTHEEITH 5,

3.3.1 FHRIRTRE/BIE DIRLFER

FHANE 2019 45 5 H 8 AICEEM L7-, 7233, MGETIL TLS OREAIFITAFE-& LIREET
WEZBZ7-o7, FHUFRE CiE L7 TLS OEEST XK 7 12Rx L, BfS S =37
— X %X 812”7, TLS-QSM IECHEE L 2 HRIARDE - HOWRIEREZBIST 5 Z L3
REZefEIL, X8 2B 1Tm £ TIE A Th D Z LW TE %, Zods, BUS L72#E 17m
i OBHEAR R OFEM SR IHERIT, 5 6 BORERGEIC CTHELSERRD Z & &5,

@scanposoot

s @ ScanPos012 @ scanPosoo2
cani

@scanPos003

@ scanPos010

@scanPos004

. ScanPos009

&canPasODﬁ

@ ScanPos008

20m =

X7 IEFAEIGIS®D VZ-400i DREH S
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X8 BARNEORINER (8 - %) OEIGAIAELEER

3.3.2 AR THRLETHEXRER

AWFZE T, TEERER REETIRIX) Z2xtg s L7sHRa 2 FE L7z, £z, £oh
THIDBAET VOWMELAB IR ) MR Y T EK 9 IR T, ZRBTHEERZ R L Lz
B E LT, VZ400i 2 HWGHlZ 3 272 5 LAANC, 2016 454 H 20 H-4 A 27 A, B X
OVAMFE 2016 29 A 19 H-9 A 21 B 2 [FENZ4 T 723HAIZ, B TLS T % RIEGL 14
LMS-Z390i (7 LV MERRIZER 4 D 4.2 12 Tgik) 2 AW T, HEERIC CEIZ I 2 -
7o 2016 FFDOFHA T, BAPIZ THRAF SN BIR AL AR Z L I2Hii 23 272\, 2018
F622H, 27H, 8H 1 HIZIHEM L7-THERER OBIATIA TR O L BITEF & & e S
HHZET, BARY R NOIEREIBZ o7 (K10), 7Zeds, BB L7ZBIARY 2 b Oxi5d
PRIZ. JBERE O FEREEY Th 5 RIEFLSEEA Y Th o5, TOBHmE LT, K9 D 2016 £F
(3 L 7= FHAREEE O TLS OELEARILO 0D K 912, BIRAFEET 25T L%
FRNHOFHUNFRIRETH 0B Th D, TDI=, MG U 7 CIIBIARER AR 2 7255
R RETETE S, LEDOZ &0 h, ARIED 3D BIAET MEEIZE VTS, 1Ek
L7efIARY 2 R EE U R CREEZ B 278 0 2 EDNEUTh D LB X T,
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2006 FE4H20H-48 27 H
2016 5E9 A 19H-9H 21 HD
SHAFAE TIER L e RT U 7D
REAIVVEFER 00

® TLSHESF 20m
() WAPEETZIVT

K9 AMETIDHARETILVEET SZHZIUT

3.3.3 FREEROHME

AWFFETEHA G & U7 IBERER 1T, R R AL T 2 AR ER TH 5, 16
ERERET, FAIRTRRES2S 1878 (BIR 11) 4F, TRINGIERT, (FEMRET —&F o L1k 3 HEE%
BHVEY &R S, EMHEE ORZCEEE B E LT, IEEE E 72 130 =R & L
THIBZE =Rk > Tl aniz, £k, 1924 (KIE 13) 4E0 B SIS H 22 4%
FERZT DN, BT & U COMREDSRM SN Z ERREE 220 | 1924 DT, HED
DI T RER OB DS | FEWFE S HOHR (iR, T ~FF A &4, 1932 (EFn 7)
EITIEREER & UCRRE L7z, S HICE0%, KPEFERFRYITH 5 1945 (HEF1 20) 4 2
AS 3 2T TOZERICE > THUKE 2T 523, 1953 (IF0 28) 4RI KIERLEEE
NEESNZZ LT, ERE LTEHIEDR R SNIHEICES ™,
HEERZREZT2b0L LT, [BADRER] LMHEND K5I PRER ORI ED)
SHELY FRT-AANSHEEHEICHENRENTNDZETH D, £7-. ERDW -1 5
Pz boTE s [Fhl) LM LF ML, [EEEROFHEA MR L o TV D,

19



Lr06002-A nep

=i
(b)y Evay
e [vedbotkoem | e tec17 B,
() PR/ * (d REDA
®
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3m :

(g) 74

! tree03§-C new
G) /LZEZD
»

treaD47-C now

§
.,

3m

k) NFIXF ) EF/F

X 10 LMS-Z390i Z AW =EHARES K UBARFAETHER LIzBKR) X b
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3.4 FEEBEIZHITHEHA
THERERE T ORI G 3D BIARET /L O E ToO TR L FrEiFf 21 11 (R,

SHRIERE |
© BHEEETOT—2ES
@ BT —20DEM

© EBEETOTF SIS |

PREBFRE
OEEERTOT—2EE
wETY7 148 (59 AT
cBET—208/K (LYAML—3Y)
I Automatic Registration 2] % &
LT 7 & 0.5 KR

ERB - B - RRBFODBHNIE

3 1R (Deviation) Ic & 2 BLER
815 (Reflectance) I< & B Bt ILE
PRERHE

« {R#= (Deviation) | K B9 EtnIE
METYT F 1.5 B

[R5 (Reflectance) | & %) Bt LR
HETL)T7 51

BASBEBACEI T — 2 & LT

BARBOEI AV T—2 3y

® BARRBEOEITAVT— 3 iE

PRERSE

+ TComputree) DfEMAICK BIIE
RELY 7 & 3R (B 122 KEHmt)

| @-@ICTHBLENGED SEESEE (/14 X) DU

(® Statistical Outlier Removal (SOR) I &% / A XA
Moving Least Square Smoothing (MLS) I &% ./« X502

PREBSE
HETUT E 15

h 4

3D BAE 7L DEFLE

@ TreeQSM | & B0

PREFSE
HETU7 E5EM (A 105 AEMWE)

11 3DBEARETILOEEE TOIIEELFTERME
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3.4.1 BEEETOT—2E!E

VZ-400i Z ] U= 3HHlfE#A % 2019455 H29 H-31 H, 6 H1 A, 2H., 4 B0 6 B %
M CHEME L7z, TLS (2 X 2 FHAITIE, BEER 2 RS T & 2 WS O =, L—H D
EEEO AN LIMNET — X ZBG T2 Z ERARERETH D, TDID, I —Va v
o T T2, TLS DR ERAT (AF vy Ry a ) 2B 2N billa 2> T
W, TEEEER T OFHUFRA (K 12) TEE L7z TLS 0% & X 13, FHAlFIERA K 2 I
ZIEIURT, FHIITCHRIA L72 VZ-400i DF%E & LT 2L A0 K L L— bk (PRR) 1.2MHz,
ARHRE L — b 500,000 GHIEAFD) & L, fEEILIC 0.04 I L—F e s s kol Lz,

FHAFAEE 2019 5 B29~30 8, 6 A1 A, 20, 4 BICEM

12 FEERTOFRAREOKRF
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ABER BhEE
EELSk:37434.32 i GhEBa®H3) |
HET YT : 4764.25 ni (BEHDH)
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x2 FEEBETOFRREE

=[5 % EHRIEERE PPt L4
2019 F 5 A 29H a.m 10:00 — p.m 16:00 20 EFT o i
2019 5 308 a.m 10:00 — p.m 16:00 23 &FT o F
2019 5 A 318 a.m 10:00 — p.m 14:00 21 &fr o ik
2019 F 6 A 01 B p.m 13:00 — p.m 16:00 18 EFT o X
2019% 6 H02H a.m 10:00 — p.m 16:00 25 T o KB
2019 F 6 A 04 B a.m 10:00 — p.m 14:00 19 &EFF ®H
EEZ& ¥ F 29 BERE £t 126 &R

HMEITYT ¥ F 14 BERS £t 59 EiAr 0o e

K OEHRIREDAEICE, KBEEIVY ILY 2DOEEEEZET

3.4.2 MBT—HDER

TLS [Z L > THEDLNERET — XX, TLS ORRENE % JF AR & T D2 EE (v—
TIVEERE) T 571=0  IEBERSEROE LT — ¥ 2155 - OI2i%, TLS A% iE S &%
LSBT —2R+H28K (LY A M L—vay) $5, ABF%E T RIEGL 45l
O w7 b = 7 Th % [RiISCAN PRO(version 2.7.1) | IZ#5#E LTV 5 [ Automatic
Registration 2| ZffH L7z,

Automatic Registration 2 13V 7 L7 ¥ FLEIC L D4 A KA > MIKFTH 2 &72<, BE)
MIZ LY A R L— g U EARRICT DB TH D, ZDJiEE LT, sHMLE O ST — 4
MERTBENLT—X LN FTF—FEER L, FIOAF Y R a ORI EALET
NEHENR Y FET N ERBEREMAGDED, IHIZ, TOBEIZ TLS ICX>TEfELE
GNSS & TLS IZWNE 31T A IMU (Inertial Measurement Unit : [EVEFHAEE) OFHRD L
VA ML—va DMK D, DD, WG OREET — XD Y $llih o TIEMEICE
JtEm Lo LyA R L—yarEndflEbdH 5,
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3.5 TLS-QSMXIZ& % 3D BARETILDEE

BIARRRED S 3D BIARE T /L0 HEMEERIZ B 2 BRI EIE 2 < FET 208, ZDOHFTK
XRMEE LTHETONTVWDOR, B 1 BOMFEFIETHIRAT- L 912, BEROKMFE
TEROBHES ORIBETH D, FrZ, ZNFETO D MAETT LVOMETIEL L TRKEE
LR TV AR, A v v a BB THRE SN2 WER X D /NS W &2 BRIZ X D
EZEIZTHIEZ MZ TWZ R TH D %), ZHUT L > T, 2L ORM E T BN E L 725 T
WIEERERH Y . AR TIE I S ORBEITH LT 5 Fik L LT TLS-QSM iE% vz,
TLS-QSM V4% TLS |2 X » THS S 7B S#ED S | Quantitative Structural Model (QSM) %
T 5 2 LT, IS N BIAR DR, BN A A~ A BEHEET 2 AR FIEL L THE
NEESAVTND ), QSM DL D EEAR & 72 DB . BIARREEDOIRIT ) & /M DHIER £ T
DFE 71y MR S5 HERE T /1(Cylindrical Tree Models) Tdb %, = O JFEHR T A S
Hatt 7 A MIBEIL, £ 7 A bOERBIOFAZFIANIELIL TN Z &
THEHFELIZV Y VXL THBET 25D THD (K14),

TLS-QSM {0 > — /L & L CTHWA DB, Tampere University of Technology 23/ABH L T\ %
A= — A TreeQSM™NTdH 5, TreeQSM Z FWZFEH & L CIXLA R D 3 ST 5
N5,

O BIAROER EOERFHOIENIT, BIAMIEZ R CHEE T 2720 DF 72 Y — /LT
bDHZ EMFEFESHTND 7,

© BIARSHENKE LMo Z IEMICHEE L, ARz IR &N TED 7,

@ MELBEORENHEIES N TEY . BBIAROMFLI 2 HIr TR T TE 5 80,

ZOZEND, R 3D BIRET LVOMETIEL LT TreeQSM 232 Z L 1%, #f
EOBBMICBNTAITHDL EEZ LD,
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Point Cloud QSM

EEHIUAAEEH
z

W CHAY FO—EE f
ﬁ*ﬁﬁ LEo— T — >
: BTDEITAVRE
] F OIS 5755

Y |

O HARRBERLT AV MMTHE @ BEITAVIOFESLUARAZERELL
AEREN ) A EERT S

X 14 QSM#HEEK

3.5.1 TLS-QSM ;ZDANEBEH

TreeQSM |2 K D ALPFRCIE, HARIZK L TRANMMN L0 Ehi D X O IZFHIl S 5 &
FERHY 3EATLLENSD AT v U EHLEL TV 7D, 2072, (3.32) TR/ L H 1T
BIAIZK L CE D ORI AIREZe = U 7 OBUS T — & 2 RBF5E CEM L7,

S BT, TreeQSM [FMIARBFEDORER D T - B CTH D Z & A MHE LIZR DT, B
SEEDBIARSEE N DD RPN TV DBRMERSH D T, ZD7-8, TreeQSM TOULER 218 7E
U 7o BIAREHAI Tl BIRDIENTEIE L7RPLTOFH  (Leaf-off Scans) ZHELE L TV 5,

LU G, HEEDO D DBIR (FIT, BEILER) OBz R e LIGE., BN 2
—EBICBRE SN D7D, SARARBIFENFET D HARERIZF VT TreeQSM 12 K D 4LEE %
FATT DT A U & i 2 7R, %%_ T T R 1 3 B R 3 P R BR B R i
FERHFRL EREEY - BHESAFERIC L » T, BEICHARFEE M TOIL TR Y, A 40 FHE 88
FEHOBIARNPFET H 2 &N «éﬂfwé Flo . EHEORB IR o7 BAR Y 2 MERD
BRCkg e Lz U 7 T, BES 3ml oA Zxtg s Lizas, AeF 9 FBHA 13 FiE
DORIARBIFEL TV,

UbEDZ e, TreeQSM IZ K DAL % H ARREREIZEH S 511, BEARE S -
BEZBET 27 ERRT L, BEZIRD Z &R MBI A A S5 LERH D,
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3.5.2 {mZE (Deviation) 2k B EtALIE

TLS IZ Xk » TIREF SN L—FDOWIFIE, L—F N Y5508 L > THE L ET
D, ZNDHOEEORIEZFELE LU THEL SR, 7L 2R 2 (Pulse Shape
Deviation) T 5 8, L —HF DI, K 15 2R T L DI ARANKEWIE EHIEOZELN
RELRDMENRH Y | ARZDEMEIIRE < 22D, 7V AR AEZ, TLS IT XL D L —WF
Bt (AFvy=0 ) ICEoTHELUD /AR ONb—g)) BT A-DICH0 ST
% (K 16), wE, FHIED /A ZWETIE, RAEDBEA 30 fiICRET 5 2 & B
BITHDHM., AW TIIESBEOHIBRD - DIRZED AR BEEZRETHZ L L L,

BE R & - BB ORAEOIEICIE, FHRMICHAERZE RS D EE X DD, T OH
HE LT, BEARDEIE, ELHEELTL—YDON-2 ARANRLELTEY ., - SO
REOEMEIZ/ NS VMHA A H D L PHENDIZDTH D, — 7, BEROEIIELEIC R D
FHaZmWTI D | BENEE Lo & & e, BRI RoRERR & B4
Ffo T3, TO, BAEBEORAEITLZE LI-BEREEL < | MACHMENRKE VW E T
STz,

BERRE & B O R AEOEE A TR T 5720, 7 2 T ORKSEE S T & BHEIC
Lo TRtz o7, EDOH%, RADBMDER 2R T 5720, REOHHLEZIRZ
otz (K17, K17 22bond KO, 8« BURBHTZE L TRZEDN/ NS W OITRE L,
BERBIRAED K EWVEHANRH 2 OBHERTE D, IHIZ, L UREOHEZ R5 =012
AN TN (EESAR) ICX DB AR Zro7- (K 18), B A NI T LAOFERMND, # -
KR IRZED 5 UFOEAEIC S S A L TWD Z EBHERTE -, 2D LM b REN
SLATF O RBERHIH S D L 0 T2 %0 7=,
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ASAHNEN

S

ASHEANENE
=Tk JOVZRRARE N E 5B

AGHEHAEN

77N\ ASEHRENE
pi3ics NIVABEAREIZKELHES

15 7NV REHZAR Z (Pulse Shape Deviation)

J A RALEER] /A R

16 NILRABRMREEIZELS/ 4 X0NE (REDHRTEHE 30)
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B-BAE RSTE

<0 o RoiE 200
180 180
160 1160
140 “ 1140
1120 1120
& 46
100 N 100
80 80
60 * > 60
40 0 40
’ 4 20 8 20
Yh 8 Y » g X
12 12 X 0 0
17 ERHE, # - BAaBEOREOATRIE
10" REOEMSAR(FH-HAEH) 15 210" REOEMSAR(ESE)
i | i
3 M
E E
fus fus
4E 10z 5
0 5 10 15 20 2‘5 3‘0 3‘5 46 4‘5 50 DU 5 10 15 20 25 30 35 40 45 50
{7 Z(Deviation) {® Z(Deviation)
ZHERE 1734 SHERE  52.66
FfE 585 FEHE 3015
B-BA¥. ERBOREEZDEMSMLEER (BN 1 £45K5ERL)
- T T T T T T T T I:I|§$1ﬁ‘ﬁzi
a6 [
0 5 10 15 20 2‘5 - J=D ‘ 3IJ 4‘0 4IJ 50
R #Z(Deviation)

X18 REDERXA TS LA
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3.5.3 &HE (Reflectance) 2k B EALIE

TLS OFHHITIX, 3 ROUEEERG RO A A TG TE 57217 TR <, KONE (Intensity) &
FREN DB RETIGT 2 2 LN TE D, RE LT L —F SV 235 R RKim T LT
RO S 2R THIED Z & TR THEHT 5 TLS O L — P EIE 1550nm T 5 73,
ZOED U —FREEIFKICEIR S LT WVRHER S 0 | BT L > TN ER D Z
ERHLMNERSTNGS N, ZDZ Linh HHEELT AT 7V NOKSTRE O ) HHE
AHIPHORIN 2B 2725 Z LT, BEMIIHMEEZBZ RO nRy FOFEEL, 727 7
VB, B ZOBRE, KR EO A BB WO TS S TU 5 898980,
FOHBREEC K D HEHMZFIH LG o, T E TEL OB R SN TE 208,
IR DOZE R &5 - BURBEO T HECZ DR INELZ R LT EBIDNFAET D, 7ED 892X %
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L CWn B 2, 30 RRICEMET D2 &N TE T, 202 b, RFEFEROT
HEORMFRE L+ —ERRONEZ & ENE LR DT ERFM OB E 2D &
PARBIAR DB DHIAER L CO LB AHE T 2720 O F MR FETHL EEZOND,

FH#ER JR/ * (Rt

EEAEE 11°55'17" BIDHARIA  12°229”
BRIAGIAE  320°38'31" FRE  51°43'38"

(FRZE = @O A A —EMALA|)

FHOPDLEROS FH#HOPIDEFEOR I BRI
40 i
52 — 52 =
14 o 51
50 o 50
49 49 4
® o} 2
® 48 X 48
N N
47 o 47
46 | 46 -
2ol B TAREBIHDER— 45 ) i
B B EDERRP0ER o / ; O [—EMAE 119214 3
44 S 4 7
132 134 136 138 14 142 148 Y axis 132 134 136 138 14 142 144 s Y axis
X axis X axis
_Ifﬁﬂﬁfﬁwlﬂﬁﬁﬁ(ﬁmb‘itﬁﬂ) RS EEAR AL RE 51.727
006 i
O ~e_
-125 | a ~ C 8o a 004
oo . /
e 002 [
13 y *
5 *
> > /
~135
-002
~14 oo i BLMWAGA 123691
(] .“I Yo 1HBihih
[ ——tEgAEA 320642 -006 / iR ARRE
| |
"“332 134 138 138 14 142 144 006 004 002 0 002 004 006
X axis X axis

E39 (a) TLS-QSMiEZAWHEMEIENAMOELER
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FHER IR/ ¥ (RBRFEFIATER)

ERAE 22°54'44" BIDHARLE  319°28726”
EMAGIA  310°4018” FEE  8°4878"

GRZE = @O A A —ERALA))

7 axis

Y axis

IHOPLERDH T

E RO FID ERDR 2 BT DT L

= 505 -
50 8‘@?
50 |
405 |
o 49.5 -
49 -
PR
485 | o 5
™ 485
48
48
475 |
O TEREGaPilbESE =] 475
o L EABERLER [—lEgmE 220122
T T T T T T 108 47 T T T r . IMOE
20 202 204 Xzoa.gis 208 2 212114 Y axis 20 202 204 )%D'Sxis 2048 21 212114 Y axis
RS EOERER (YHn L) RO SIS BE 88023
o 006 - \
-104 | >
- 004 |
106 | - \
002 ™ A
-108 ‘-:_\ @
o Q > é 0
11 F Lo : -
© -002 | b :
T~ -004 S . 1
~ . ——BDMh A A 319474
114 @ S R \
[- — —1EMALA 3106717 o6l | Yo MEIEHIAGE
T 202 204 206 208 21 212 006 -004 -002 0 002 004 006
X axis X axis

39 (b) TLS-QSM ZFZ AUV -{ER L IERI AR OB H LR
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4.7 MK

AREETIX, TLS ZFIH L7 SUbEFE~OFIH & Bk & B 5 202 U, SUEARIHAE D &V IR
WXL TR, ZORIANRZ Linolc 2 & 2 sl e, ZOR TR T, THEE 78
JREPE] & U CUBAMIED & E > TO D PIRBIARICKR LT, TLS-QSM i£%4 Fiih & L72)S
AEBIR0, WREBADTZ OO 3D BARET VOMETIELBER L, BRELT, Ay
¥ VAR N RTREZRAR TE 0 & R D 3D BTV & QSM ZfHAEDbE D Z & T, FIEIC LD
PeEDIME % [ S H T2 3D BIRET VOMERNFRE L Ie o7z, £72, 3D 7 U &2 k-
THI ST T, O i~ DR & W 5 BLHLC OGRS N EE e B OBHEICK L, 20
HREARRETHIEERHEE Lz, 2OZ LD, BRI AZ KRR TETT 5 Z LI,
EOREEFHFMIIKMTEDLZ LML AN THDL EEZHND,

S BT, BHEEIR M LHIZ s> THEE L TV D &0 9 Rz, TreeQSM (2 L > THE
FINT 3D BARET L (MERET V) OHFLEREZERT 5 Z & T, B ORI
FHZRREE Lz, LA EDZ &nh | 38k N EE 728 D~ D EARHI R LT, TLS 12 K 58
EEIAROFHT — 2123t L, KV Z RO A B 272 5 2 & T, ZOFRITx L TEH
MEmObFEERD,
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BO5E BARAMSLUIDBKRETILORBER

5.1 &

TLS (2 & » THAS SN DB SEE) S, TLS-QSM 5% S5 Z & THEM7ZR 3D A
BT NVEWET H T ENAEEL o Tony, BfS S D BIARGE S L OMEEE S 7z 3D BiEARE
TIVOBIEREEZH LN THILERH D, £ 2T, LLFD 2 DOIAE OFERIEE B 272
5 o

(a) TLS |2 CTHUS S 45 B SHED RS EERRGE

TLS Z A L72BIARGHANC X > TR O D BIAREREOTEIRKEE A4 . TS Z AW 7=3HlC &
STHOLND 3RTEAE L LI ELBEZRB 2725, £72, BIAFHOREESME L LT, &
WX DBARDOENE NREEICHEST L2 ENEZXLNLT20, A Z AW S FIRFC
BI9,

(b) TLS-QSM {EIZ THEEE S LD 3D BIARTE T /L DFEEE DOIRGE

TreeQSM (2 X » THESES 7= 3D BEKRET L &, HEEOEL L 7o T2 BEASRE L FEMED
WERGEZ B 2725, ZOFEEL LT, 3BDBAET DD 3 RGTEIEO L Z i L, BIA
JRBEDJEAE L WA Ll RO FREA B H L, QSM M S ®PHZ I 6T 52 4T
FWERGEEZRB 2729,

S HIT, BI) TOHRFEERFHEAR F v /S ANOIEFFTASGZ TEHNZ T, #& 17m
F COBARFHBOENNEZ RTINS, Z OEREE G D T2 DRGEE R 2785, TOTFIEE L
T, TreeQSM |2 & o THEZE S 4172 3D BIARET L LI L o o BIRAHED &, B& 17m £+
T OBARRRER L O3D BIARET L2 L, FEROFEELHWTERBERIEZR 2725 2 &
TEDOHIMEERGEET D,
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5.2 TLS I[CTHF SN ABARABDEERL

TLS Z HIWW T2 BIARGHNE, 3 IRTIIR Z BUASS 2 ARMMER /R EN TV D08, EERIZZ DI
PRIk L OB ERFEE T T2 FHITEECH -T2, £Z T, TS ZRH LI ERIEEZ B 2
729 Z LT TLS IZ L » THAE SN ABIARDIRKEE 2 H 52N L, g & LfiARIE,
HORERFHEAF ¥ o RANICHET OBARI AR (NVEZ LV T AETF, U A)
E L7,

5.2.1 RERIEOFE

AIFFRTHWZFEE LT, BERKR TR ET IR —F >y b (V7L %) OF
BEBEBZRWD, TSIZE>TH =5y FOFHNZ B Z 720 3 RouBIEA FE T 5, AR,
TLS THREBARICAF Yy =0 72BN, ¥—F v bl T 52 LT 3 oG4
55, D%, TS O 3 RITHEAEZ JEHE L U= TLS THUS S 7z 3 IRTTIERE & DF% 7 DOFE%E
RAEZMNTZ LT, BERIELB ZRo7 (¥40), 7236, 3 WOtEEORSRHIIE, JAIZ
LAOBARDENE D RE IFEICEET LI EEZEZOND =D, JBEE 2 AW FHIRE O K
JRGE &P RGE A RRER LT, £7o, TLSIC L 54 —4 » hORHERIC, BEIMICRHA S
ol Z =7y MIKEERGEIZE ATV,

TS & TLS @ 2 #fE D 3 eI, FhEihve—v (Fxh) D=0, SPATREIR
K ORI XM EMEEZ T 5 2 & CHIEREZR T 208N S DL, £ 2T, EHELR
%34 (0P (JF4), AB) ZHAIL, TR 60 3 RTEEA AT 52 L TTS & TLS ©
JERERZ R — L (41, ZORBIZEID, TS IZK > THLNTZ—F v b 3 Rok#
NS, TLSICE > THELNDE X —F v hO 3 RITEEAZRAT D Z LN REL 2D,

PR A (x1, y1, 21)

~ W R =\l
S B NI B (x’, )7, 20)
< of .y
B (x: 1 2:) RS S + LMS-Z390i
\ - (xla ,yl, . zl, )
s - -

«  VZ-400i

A +
C (xs, 3, 23) JEEIS

B40 %—4%v FOBREE 3 RTERORE

92



A v A v
A, As
* /
G A,
/OP" / B ) /
G
0 - i B »
G -'x 0 X
. P B
=
@ TS,TLS Iz&k->THLNDHEER (X @ OP (FR) OEEEH— LETBREE
O—AhJL (H8x) BELLE->TS BIHS
z z
A Y A Y
As
As
5
// A <
G o 0 _
7 P X T 3 x
@ WFE(G,G) DE#H (OPBOP'B) At @ WFEEGO)MAZHMIzH L TEELE
X#IZiES &S5 IcHEEE) B5& 3 ICEEREE

41 FITHE EMEBEIC K DERRDHE—
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5.2.2 RERIIOHER
TS & TLS (VZ-400i. LMS-Z390i) 2 H&FEDEIEDOBAIZ L5, EBEDEHERZO L

51T,
£S5 TS ZEAULV: TLS IZ&k 2B IEHROBEDFEERIL

Bt NTEYLY

RE RAMAX) : 1.7m/s FH(AVG) :  1.1m/s
FHERE

riiE AR X(mm) Y (mm) Z(mm)

VZ-400i 20 1.2 1.5 1.7

LMS-Z390i 17 50.9 1243 7.5

EIEE] T AEF

JBR RAMAX):  2.8m/s TH(AVG) 1 1.4m/s
SERE

e FREE R X(mm) Y (mm) Z(mm)

VZ-400i 16 59.8 69.0 28.5

LMS-Z390i 16 84.0 91.4 24.6

BiE 9 A

ELE RAMAX) :  3.4m/s TH(AVG) :  1.6m/s
SHRERE

L REL S X(mm) Y (mm) Z(mm)

VZ-400i 19 7.7 73.5 13.9

LMS-Z390i 18 7.8 73.5 12.4
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5.2.3 HRERBROBFHLEST

FEMREAZ BT 5 & U KD BIARDEN & 2B EICANTSE. & Tou (X fh, Y 6,
Z ) Zx LT, EERAE TR L Z 70 mUNORREIZ THIARDTER T — 2 BEGFTE %
ZLnginols, £lo, BESGMO ZENIR L TREREWERIT, RIS X D80 ETFo
BENDRNZENEZOND, AN, AEGMO X @ Y Skt LTS X 28
ROBENRRKENTZORFEMET L7z, SHICKEOEmE LT RELZY—7 v b (K
42) 5, BRI 72 DA EEROBRITE S < IZod, BUC X 28 & D e %107 <
BRHEEZLN, MEMETT2ZERHLMNERSTE (K6),

B42 DAICHRELFE2—7 v b KRR
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K6 DAKRELE-2—7 v (BRIR) OESTLEDEE

TS & VZ-400i &£ DEE

RE
KIRFER  HRMNMALDESE (m) X (mm) Y (mm) Z (mm)

4 0.841 3.0 8.2 1.1

1 1.114 1.0 3.3 3.6

5 1.223 43 6.2 5.5

3 1.486 8.1 0.5 10.4
2 1.522 0.7 4.5 7.7

7 1.700 9.2 11.5 22.4
6 1.816 4.5 21.6 20.6
8 2.070 15.0 37.2 30.0
11 2.101 3.4 62.1 153
9 2.123 4.7 63.0 27.9
17 2.222 10.5 77.8 20.4
10 2.502 16.1 105.4 36.8
13 2.505 2.8 115.8 259
15 2.701 13.7 170.4 13.3
18 2.717 28.1 154.6 31.8
16 2.741 19.4 172.5 253
12 2.808 1.9 177.9 27.4
14 2.924 9.2 181.1 42.4
19 2.953 24.1 204.2 429

X BSIEXE 43 ORISR
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5.3 TLS-QSMEIZTHESINS 3D BARETIILOFEEREL

TLS-QSM JEIC & » THESE S U5 3D BIARTT /WS L, MO L o TR SREL D
FEEEIC K FEERPEIC S W CORSERGER B 272 5, £ 2T BIARKE IR L LB SR
& 3D BIARET NV OREEE & | BRI O A% G L LR ORE 2 B 2 /o7, £
2. BI)DHFEERFHRAARF v S ANOEMFTAY TOFHIIC T, B 17m FLE X
TOBATHIIZREROBIFN TETND Z L2k, £2 T, TOMREES D720,
B 12m-17m FIE DAz R & LTz 3D BIARET L OFBMEDORERGEZ IS 22> 72, 1
FERGEE LTHEAT 28T EREROMRT Y 7 TrbB&EDOH L7 A/ XL Lz, 72
B, 7 A XOREIL, BEAEEOH HIRRET 17.657Tm, 8 - BREEOIREEIZ T 16.432m TH
% (243),

R RFHIFRIO/E ERBHIBRRO#S
17.657 m 16.432 m

K43 FBEBIEONFRETEIIR/F
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5.3.1 HREBRIEDFE

FEEMGED Fik & LT, TreeQSM (Z & » THEEE S 172 3D BEAET v (HfERET V) 00

5. 3 RO A2 T 5, D%, 3D BIATT LG S 3 IRTTIEEE R 2
RKOREERSTBARRHELRE L, MPFEMA (7Y ) 1019 LT, kb HEEEA I

HEEABRET S Kon : BmEREEESIER) 2 & T, BIREHNOEEIND 3D AT T
IVEDHBEEH LN L (X44), 7ok, 7V S0 D OB REMEIL S & L,

® .-'::.'. ®
&3 e
*Fe" @
e o &
ot of o
et . ¥ [ ® @
:s-_i_ - .~. o
LY [ ] .r‘\
~I O S e S0 e
"y N /
o §%>#O¢@~
g = {
> v > Ry m (;% ® \ \mmmm
T ® —e
et ,ﬁ:,:" . L e ® o
TN N e o
,"‘:' . °® e ®®  x mrmzaiirsa
i 'Y 0®
O BHEFLOLERE (KB £/TY BREMR) £T5

O SHOBEOEL BorBRRE O 2TV (RREMA) »SRIESh - BEHAN
® AFETLAL,SMAERROAZEHE
@ MAFHETIOMLEBRERZ OMOBROEL G HARTFLEEL. 41
ELTRIEABRREB LI LT, BRHR (WARR) COEREHHTS

X 44 BEINZIDHBRETIVORERIEDF .
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5.3.2 BAREARTORERIOFER
BIARSIRICK L CORBERIEOR 2K 45 1577, fR. EHERE 0.018m 36 L OMEYE
72 0.016m OFFHIC 3DBIARET AR IND Z ENRH LN E T,

BARRBEABETILOMEZERORT HAEETILIOMEEZFEZI T & LTHRE

A B SNEBARRBEOREERE
ARETILOLIEEEZ ® BRUSIh-REFEREH

\“—\
RITERERE : 5 AR : 0441 m
EHPEEE - 0.018 m ZERE :0.0l6m

45 BIREARENEE L 3D BAETIVIEEDIEERT
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5.3.3 HERIZH L TOEERIIDIER
FEBIT 3t U COBEMRGEE X 46 (2T, #ESE. FHIEERE 0.012m 35 X UMEHE(R 2= 0.006m
DOHFPHIZ, HETANEREND Z ENRHLNE T,

BARRBLARETILOMEZEZEDOR TR
AR AEETILOMEEZ

/
//

402 i&

X axis

ARETIONEEZREZY T & LTRHE SN -BRRBFORAE RS
® BRUEIhi-mEFERE

Y axis -4

E
®
2

RITEIRRIE : 5 RAKIEEE : 0.041 m
EHEEEE - 0.012m EERFE - 0.006 m

46 BEPEXRE L1=3D BAETIVIEEDIBERIT
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5.3.4 #&E 12-17m R TORERITDOHER

i 12-17m 13 CTO 3D BIATT MAELEDOGIEERIET D72, RGN BB
12m L EOFRS OBIARSHEE 3D BIARET VORI A 3 Z 2R WK ERGREL 38 272 o 72, X 47
OFERD B, TFHIBEHE 0.018m 35 K OMEHE(R 7 0.011m OHPHIZ 3D BIARTT LAMER S LD
ZEBHBMNER ST,

BARRBLARETILOMEZEZEDOR TR
BARE AEETILOMEEZ

525

Z axis

ARETIONEEZREZY T & LTRHE SN -BRRBFORAE RS
® BRUEIhi-mEFERE

525

Z axis

RITEIRRIE : 5 =AIEEE : 0.206 m
EHFEEE - 0.018 m EERFE 001l m

47 #E ISm{HEZEXRE L= 3D BARETIVEEDREERSL
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5.4 BEDEE

5.4.1 TLS ICTHGEEINHBARABEDEERL

TLS (Z CTHUG SN DA SEEOREERGETIX, B8 LT IEMERZE 70 mmPAN O 55512 T
ERERS CE D LALLM oz, ZOREEL, i EL—F XXy F2HNEA
HHE~=27 /L ()] "HEAIEEREB I hoT, A~v=aT WL, TLSIZL Dt
ARLHEREOY) L - T EOR MK L CORGRBEDORRETH DM, £3. £ & LM
E% 1.5m & L, 50m ek 5) (BRE CIIAKFH) 234 mm DN CTELIHICT X 2 2 & 3%+
ELThD, ABFFETHA L7 VZ-400i TiE 100m 5T Smm!'%), LMS-Z390i TiX 50m 5T
6mm LN M TOFBNATFEL 7> TWE Z &b, ZORBRICYU TUIH DI ENTE D,
BURETIE, BLILRRHERE Im & L725A . S0m SO @ ICx U CHEGERSEE 20 mm (FEYE(R 22)
UNTORHINRLETH L, &5, B 0.5m & L 25miEDEmE I LTIk
FE smm (BEYEMRZE) &S TW5D, ZOZEMND, EHERE 70mm &\ 9 ks TS &
ORFETIE, +ORBEL IS AR, LoLaRS, BSIRTIIIC, NTEZLUD
FHAIRE D U/ N S WAL, B A 72 TR E TR TR CTH D | A FAETF | UAD
FHUEE O RN K & WAL, B2 T OREETH D, i EL—F 2% v ;2 H0T-
AR E~Y =27 (F) ITEYARRN S, BEIZBE T 2 BRI AR T, BRI 1 - 5
T EFRAe Y | HICEZR EOREESMCEN X 240 iRkt g Th v | FHEITTR IR
MAETLTLE D ZEEBHBHICANRITIUI RO, 2D 0D, BIARICHT 25HOH#
BOREEND,

5.4.2 TLS-QSMZICTHEINS 3D BAETILOEERIL

TLS-QSM {EIC K » THESEL S D 3D BERTET AN, RO L o BARSEEN D
FEOHFBMEA T L T2 0%  BIARRERD DGR E 12m-17m (I~ & xR A2/ |
FEERGEZ 3 272 o7z, iRk & LT BIARSIA TR ZE 0.016m, Bl CEEE(R 2 0.007m,
Bt 12-17m 10 CHAERERZE 0.011m LANOHIFHIZ T 3D BIRET AR I N TV D 2
ERHLMNE o7, Fo. G)ITTHEE 17m FEEOBIARIZR L TE T, TLS ZHW\ - ft
TEARE MO BUG O ATREME 2 R 7228, FEERGE D 3D AR T AN EREEICHEE SN TV D
ZEPHLNII ST LT, FOMEGEE D Z E BRI, PLED Z L5 | TreeQSM 1%
IZRDBTEOBBMEICBN T, MEmNO AL RT N TE,
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FEOE KE
6.1 AWIRDOEE

K TlE, TN E CTHAERORAF O ORPETIEE LT, ERBIAD IEM BTG H® O
RSN TE LT, S HICEORERENMEICK L THARBERB I bl &
\ZEH LLICT 25 LIZERBIAR OFERZ B 229 o OMit 2k 2/ ->7-, £ Z T ICT
D1OTHHM ERIID L—F A%+ (TLS) ZH L72fHll 25 ERIC CEM L,
FBIARDOIGT — % (BIARSRE) AT Uic, FEMZRRE 4 O S 72 3D BIARET VOt
RFEEZRET DL T, RIFENMITTEBER LB o7,

AW EZTT DTS20 5F 2 BICTEADOIRIEROBIFICR L LT 3 RociHF
EORGERZ 2, L—FEHIEIRO T THERC, TLS IZ X 2BIARFHIOFE M EZ R L
Too 553 BT, HEEER T TLS & AW 2 SEHFAA 2 $F5] & LT, TLS-QSM IEIZ & 5
ERIARREAEA SE 25 2 LT 2RO 72 3D BIRET L OMEN R & 7R o Tz,
94 BT, SUEAAHE & U TRIF~DOEFED R E D 22 d HHIEBIAICX L, TLS-QSM
LaT e LIS ZR 279 2 & T PIBBIARDFF DR [k S 72 3D BEARET /LD
WD FRE L 72070, 85 5 B ClE, TLS IC THUS S 4L D BIAR SRt L OWEEL S 172 3D PR
BT MK UCRERGEZ Fid 2 2 & T, BIAROHEBMICEL THAIMEEZRT Z &0
T& 7, AETIEH, KimDkfE s LTHEEICTHEONTM RN, AARREREIZ T TLS OF]
HARbTodT &L ELD D,

6.1.1 BAEREORELETICATE-REFEELTOEEN

AARRERIE, lRET Dhi % £ DR L LTV D ERTH Y | FERBIARILH A
JEE DRHE 2R E DT 2 BERFBMERER TH Y 2 6| ERNOMEMER ORAFD K
LIREETH Y . HARER O SUEAME & LT OMIE 2 SRS FRO R X - TlEL S5
%ﬁ%okwmm>%’ FERMIARICIZ EECHRE (HITA) 2 PHERBEOEWERICE

HEBARNILRDEDICIE, L ZIEYORMEAD X I —H—HEDO L~ L TEAN
@%E%@%@%ﬁﬂlﬁém5%%ﬁ@*w%mfwé”O_@_k%%izék\iﬁ
FECHRE L7 3D BIARET VL, BERGEOFRE RN b+ @ b - FITE D BIEO
ﬁﬁﬁ%ﬁtbfﬁé*kﬂ%% BUF OBIARZ FE Crtdk L, BEZHERF L T 2 &~
DOHEBRERE L TOKRENCoWHFT 52 LN TE D,

é%K\EE%E@%ﬁREELkwf\%bhtﬁ%ﬁﬁﬁﬁﬁ@g%%@ﬁ?éﬁb
FAAAIES Z 72 DAV TN D A3 HER O IC TILRAA I B RISV 2 5 £ ¢, B ARRER O
TEAFEMICEE LB E WO b i3, WEERRMZR E 6 4RO D & Y H»
7o B BEL L TN 9900120 224l | - BUE EOMEAGRO Hivd AARRERZ ., fHEARRE T
MEFFEHL L QO HEMER S 5 — 07, K LI XA HEESBIAROE K, FERIZ X - TR
HIVD HARBER ORSREMEDZEAL72 LI XV . AAREROBEREFEIZL > TEIEL TN
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ZELABBTONRWVIIE DB X OND N, 2O Enb i RFIETRE L 3D #
RET VL, ZORAUTHAE LTz AARER ORI % | FrICERBIAIZ X - THUH S 7z 22 H
DFEIRE LTIREFEL TV ZEICHEBRTE 5,

b Z & k0 BARERICKT 2 ERBAROBIZIEROESG % TLS 12X 5 3 otk
ELTCREER L, M7 3D BIARET L & L CREET 2 EHEMNE 2 b, 5% ORF0HE T
AT =B AOHFCH EERER & 725,

6.1.2 RBHEHADOIDHARETILOBERLEEN

TEBIOIE A& R LT, 3 IRoTEHIEIN 28 AT 5 A U > ME, BEICZ < &M
HHNZ L > TR BTV 5, FFIZ, English Heritage |2 & % [3D Laser Scanning for Heritage |
T, V—EHIEIN 2 W28 22 & HRY A Y v MZOWTEED BTN D 107,
2T AT ULEETH DB L, TLS ZFIH L7EEN D X 5 ERN &
L0 ERRTFHINIG OIS E X RN OEREB o7, LLTIZ, TLS ZHIH L 7-#EHIR
D 3D BIARET VAT D ERICOWVTHERD,

O WEREFOEMRBIEZRTECE, ZOBROEFMERICL 2B EMmD AL 2D,

@ BAREOBEEZ L LT 7 AF v Zilivd 2 LT, BRI L DR E gEERDLR &
ERETE D,

@ WRADOT 7 AF v 2L LTHEBRT DI LT, N ARG UERRES OBlEE
FlZxhETE 5,

@ ZLOBIBBAET LVEMNELTC-LT5Z LT, SRAROEMEEZBHTE S,

DIz oW TIE, AT TR AR Z 1996 I 2 MEL, SFR{TEO—B & L TR
DD DIRFS HEU R ORE 2 TR EL TER0, 2L BERMEPRRIC L D H5E
DRLEHEWZ TND, ZDOZ &b, HIRBIARDIGIRDZELEZ 3D ET ML > TERL T
WS 2T, BIAREZEOHEMFIC L ZEFBEIREOHIICERT &8 TEx 5, @, ©. @
IZOWTIE, 3D 7V U ZIC L > THA SNEERII T TS 2 LN TE | JgBiAOH
fit% —JBIRDH T LN TE D, TDTD, EMBE~OIERHNE 2 b, FraES D EE
FRT D 2 LICRLDOEEZDLND, & BT, MR ANMBE LM A~E 2> TV TN D 2
& & BIIIC IR C & 270w O D O REEE L BRSO XA FIHT 5 2 & T 3D
BARETNOBAZZ O~ > FIZRE L, BLHEOFGREZRET 52 ENARTH
B TRUTKY | BIBBIANBEAROES TIE L, Btz .o & L THWNICEMIZIAD D
—{K7e T4 THDHEWVIRBENEE I TR 10, 26 OZE MM AR EZ RS
HHZELICHLHEKTE S EEZX DD,
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6.2 AHMEDEELS TR SN EEMOREREMLE

AMFFETIL, MR 3D BIARET VA, R(F - HILDOZODFEERE L TOBLENDZDH
FMEZOWTIR ATz, — 5, i BFICB VT HEEMZR 3D KT T VT, oM, 2
L RIEFICE DIk A 2 BB W TR | EERMNT - BFFEATE & L CEEMR
RHALTNG ORI - = D= Ln | AR TERD AT, BRI 5 ICT &5 H
LIeBRENEREE LT, 3D BIRET LV OMEE - I/ - T2 2725 Z L%, PLAMEE
FERAERENZ &6 HEWRERICER T 52 THEELEXOLND, £ ZTLTFIZ,
AWFFEDO RN S TR S5 FAIRHERIE SN TR 5,

6.2.1 IDBARETINL T ERER~DEEKEDOAL

I, ICT 2RI Lok KR 72 A pErER) & H 53 LY #84 [i-Construction] %, [E 1A
BE N 2016 FFEE LV BAAA L 1O, @EEE - HOREFRTITMA - W& HikEh, M L, A, #
FRPEHE - £ T, HOOIERAEET v AT TR A ZZFTAEEMEOR EIZERY A TH
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SUMMARY
1. Introduction
1.1 Background and Purpose

Studies that accurately records the shape information of garden trees are insufficient even considering

previous case studies of garden trees. There have been many studies that attempted to restore past
garden plantings, but these are based on drawings, photographs, literature surveys, and drawing
descriptions using picture scrolls, and there is no material that records the tree shape of that era in
detail. From this, restoring the landscape of a Japanese garden by past planting has been a speculative
attempt.
Surveying Japanese gardens began in 1919 when laws to preserve historic sites, scenic spots, and
natural monuments were enacted. In August 1923, as a representative initiative, Hiroshi Hara
conducted flat plate surveying and drafting and surveyed about 60 gardens including Kinkaku-ji
temple. Since then, flat plane surveying has long been used as a surveying method for plotting Japanese
gardens, and the need to record actual measurements is high due to the importance of cultural value
of Japanese gardens. However, recording tree shape information using flat plate surveying is very
limited. Therefore, we will use information and communication technology (ICT) as a means to record
accurate information on tree shapes and verify its practical effectiveness. In this study, we conducted
measurements using a terrestrial laser scanner (TLS) and examined the validity of acquiring shape
information of garden trees.

Furthermore, we used this method to measure trees that survived the atomic bomb blasts (A-bombed
trees) in Hiroshima and Nagasaki as an effective means of recording detailed tree shape information.
As A-bombed trees were exposed in a broad sense, there is a growing awareness of conserving this
"living A-bombed heritage" in both cities. However, many A-bombed trees are at risk of aging and
withering due to illness, so the current shape of A-bombed trees need to be recorded by TLS
measurement urgently and accurately. On the basis of the above, in this study, we examine the
recording and preservation of tree shape information from 3D point cloud data of trees (hereinafter

referred to as tree point cloud data) obtained by TLS measurement.

1.2 Method

In previous studies, there have been few analytical studies using laser measurement technology for
trees, and among them, even fewer studies that considered the means to grasp the shape of individual
trees in detail. The reason is that trees have a complicated geometrical shape, which presents
significant obstacles in data analysis For this reason, it has been extremely difficult to process tree
point cloud data, extract specific parts such as trunks and branches, and visualize tree shapes. In view
of the above, this study proposes a method for constructing a 3D tree model with highly-accurate tree

shape reproducibility from tree point cloud data. Furthermore, constructing 3D models for trees such
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as those found in Japanese gardens, in which many species exist, requires the generation of tree shapes
that combine the characteristics of the tree's species and natural diversity. Therefore, we focused on
reconstructing tree shape characteristics, and considered the importance of 3D tree models of garden

trees and A-bombed trees in Japanese gardens.

1.3 Thesis composition

This paper consists of Chapters 1 through 6. Chapter 1 states the need to verify the effectiveness of
TLS measurements in recording garden trees in Japanese gardens. In addition, it states that the
importance of recording 3D information is rapidly increasing due to the withering risk of A-bombed
trees that have cultural value as “living A-bombed heritage.” From the above, it is expected that
research on tree shape information using a TLS will be an effective means of landscape recording
revealed by trees in Japanese gardens. It is also expected to be an effective tool for preserving

ecologically important A-bombed trees that are at risk of withering.

Chapter 2 Comparison of 3D measurement methods

Among the many 3D measurement technologies, we will verify that the TLS measurement used in
this study is the most suitable means to acquire 3D information of trees. Therefore, we will clarify the
suitability of TLS tree measurement by arranging 3D measurement method other than that using a

TLS and grasping defect that can be seen from tree measurement using these methods.

Chapter 3 Construction of Japanese garden 3D tree model

This chapter focuses mainly on the research and consideration of this paper, and outlines our attempts
to construct detail 3D tree models of garden trees from the Kiyosumi Garden (Koto-ku, Tokyo) using
information acquired by TLS measurement. In particular, in this study, 3D modeling with the TLS
quantitative structure models (TLS-QSM) method as the main axis is performed using reflectance and

deviation information of the tree point cloud data acquired from the measurement.

Chapter 4 Application of 3D tree models construction method for A-bombed trees

The 3D tree model construction method based on the TLS-QSM method shown in Chapter 3 is
applied to A-bombed trees. In particular, we propose a method for constructing 3D tree model different
from that shown in Chapter 3 to reproduce the peculiar shape of A-bombed trees. In addition, we
propose method to efficiently calculate the inclination angle and direction to ground zero by using the

model.

Chapter 5 Accuracy verification of tree point cloud data and 3D tree model

In this chapter, we perform accuracy comparison using total station (TS) to verify the shape accuracy
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of the tree point cloud data acquired by TLS measurement. In addition, we will verify the accuracy of
the tree point cloud data for the constructed 3D tree model. These accuracy tests will clarify that

reproducing the shape of the 3D tree model is guaranteed in terms of accuracy.

Chapter 6 Results

In describing the results of the method to construct a 3D tree model in this research, the importance
of a technique for preserving and restoring Japanese gardens and that of 3D tree models of A-bombed
trees are considered. Furthermore, we consider the potential for expansion from the results of this

study.

2. Comparison of 3D measurement methods

Among the many 3D measurement technologies, we will verify that the TLS measurement used in
this study is the most suitable means to acquire 3D information of trees. Therefore, multiple 3D
measurement methods are summarized below, and the most suitable means for obtaining tree shape

information is considered.

2.1 Total station (TS)
In TS measurement, it is possible to acquire information of an object as 3D coordinates. However,
since a TS measures only one point in one collimation, the number of measuring points becomes

enormous, and a long-time survey is required to acquire the detailed shape of a tree.

2.2 Photogrammetry

In photogrammetry, geometric information of a target object is three-dimensionally estimated from a
photographic image, and 3D information can be acquired without physical contact to the target object
similarly to laser measurement. In this study, measurements to show the effectiveness of
photogrammetry for trees were performed from image data acquired by photographs taken from the
ground. However, it was impossible to acquired tree shape information of trunks and branches inside

trees.

2.3 Airborne laser scanner (ALS)
In recent years, there has been many reported cases of ALS measurements in forests. However, an
ALS cannot acquire sufficient tree point cloud data to acquire an individual tree shape, and therefore,

is unsuitable to grasp the shape data of a single tree.

2.4 Mobile mapping system (MMS)

A MMS is a measurement technology that dynamically acquires 3D information by mounting a laser
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measuring device on a vehicle, and mainly surveys urban spaces and pavement surfaces. In recent
years, there have been a number of reported analyses of street trees, but it is difficult to transport
measurement vehicles into Japanese gardens. Therefore, it is difficult to acquire detailed shape

information of garden trees using a MMS in Japanese gardens.

2.5 Terrestrial laser scanner (TLS)
It has been demonstrated that a TLS can acquire high-density tree point cloud data that can includes
canopy structure, leaf area index, and detailed tree structure in single tree measurement. Therefore,

measuring using a TLS is the most appropriate method for acquiring detailed tree shape information.

3. Construction of Japanese garden 3D tree mode

3.1 Verification of measurable tree height by TLS measurement

In Chapter 2, we determined that tree measurement using a TLS is the most appropriate means to
acquire tree shape information. However, it was necessary to determine the effective tree height
measurement range of the TLS (VZ-400i) used in this study. Measurements were taken from trees of
varying heights planted in front of the main gate of Tokyo University of Agriculture (Setagaya-ku,
Tokyo). We confirmed that sufficient tree shape information could be acquired for trees up to 17 m in

height.

3.2 Measurement in Japanese garden

A measurement survey using the VZ-400i was conducted at Kiyosumi Garden from May 29-31, 2019
and June 1, 2, and 4, 2019, for a total of six day. The appointed place for constructing 3D tree models
in the garden was around the Taisho Memorial Hall, which is a major building in Kiyosumi Garden.
This is because detailed tree shape information of entire trees can be acquired, and past measurement

surveys have confirmed that there are almost no trees over 17 m.

3.3 Construction of 3D tree model by TLS-QSM method

The TLS-QSM method used in this study is a method in which a tree point cloud obtained by a TLS
is divided into segments, with the radius and direction of each segment locally approximated and
reconstructed as a continuous cylindrical model. By using this method, it is possible to construct a 3D
tree model with small branch details that are difficult to generate automatically. In this study, we
attempted to construct a 3D tree model using the open-source method “TreeQSM”. However, in
TreeQSM, since processing is based on the assumption that the tree point cloud consists of data related
to trunks and branches, measuring trees in which leaves have fallen is recommended. However, there
are various tree species in Japanese gardens, and it is necessary to propose a method to classify point

clouds consisting of leaves and those consisting of trunks and branches when applying TreeQSM
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without restricting tree species. To solve this problem, we proposed an efficient classification process
that mainly uses thresholds for deviation and reflectance, which are the adjunct data of the object that
can be acquired by laser measurement. As TreeQSM only supported only a limited number of tree
species (mainly deciduous trees), the proposed classification method could be adapted to various tree

species and quickly and efficiently construct 3D tree models in Japanese gardens.

4. Application of 3D tree models construction method for A-bombed tree

4.1 Construction of 3D tree model of A-bombed trees

A-bombed trees are those that have been exposed to the atomic bomb in a broad sense. Among those
that convey the memory of the atomic bombs, it should play a role in conveying the misery of the
atomic bomb to the world and future generations as a “living A-bombed heritage”. A-bombed trees
have been damaged by the heat rays and blasts of the atomic bombs, and unique tree shapes have been
identified. Overall, from the root to the main trunk, the characteristics of A-bombed trees (burn marks,
cracks, enlarged root growth, inclination, etc.) are prominent. Furthermore, it has been confirmed that
A-bombed trees tend to be inclined (curved) toward ground zero. Therefore, by applying the method
based on the TLS-QSM method proposed in this study | proposed method to A-bombed trees, we
devised a method for constructing 3D tree models with the tree shape characteristics of A-bombed
trees. In addition, by 3D-printing the constructed 3D tree model, it was possible to identify tree shape

abnormalities from the model such as inclination to ground zero that is difficult to see on site.

4.2 Application to calculate the inclination of A-bombed trees

The conventional method to calculate the inclination of A-bombed trees uses an altitude sensor built
into smartphones. In this method, the direction in which the main trunk is most inclined from the root
is visually determined, and the inclination azimuth of the tree is calculated from global navigation
satellite system (GNSS) position coordinates and azimuth. Although measurement can be completed
quickly, there is concern that subjective factors of visual observation affect measurement accuracy.
Therefore, we extract and use the center coordinates of each cylinder from the cylinder model
constructed by TreeQSM, and by calculating the inclination angle and azimuth using the center

coordinates, an accurate and efficient calculation is possible.

5. Accuracy verification of tree point cloud data and 3D tree model

5.1 Accuracy verification of tree point cloud data acquired by TLS measurement

To demonstrate the effectiveness of the TLS measurement, it was necessary to verify the accuracy by
comparing the shape of an acquired tree point cloud with that of a real world tree. Therefore, we
clarified the tree shape accuracy acquired by using a TLS (VZ-400i, LMS-390i) by comparing it with

that acquired using a TS. Around 20 targets were set on the target tree and their coordinates were
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calculated by using a TS and TLS. As a result, we clarified that measurement was possible with an
error within the standard deviation of 70 mm in environment with a maximum and average wind speed
of 2.8 and 1.4 m/s, respectively. Although the accuracy of the 70-mm standard deviation is insufficient
when applied to public survey work regulations, however, it is necessary to keep in mind that trees are
dynamic objects under environmental conditions, such as wind, unlike cuttings and embankments, and

errors will always occur.

5.2 Accuracy verification of 3D tree model constructed by TLS-QSM method

The TLS-QSM method enables detailed and efficient 3D modeling from tree point cloud data.
However, it is not clear how accurate the 3D tree model constructed from the tree point cloud will be.
Therefore, to verify accuracy of the model, position coordinates from the constructed 3D tree model
were extracted. The extracted coordinates were compared with the those of the tree point cloud data
to clarify the extent to which the 3D tree model was constructed from the tree point cloud data. As a
result, the 3D tree model was constructed within the standard deviation of 0.016 m from the tree point
cloud data. Therefore, the reproducibility of the tree shape by the TreeQSM method was also effective

in terms of accuracy.

6. Result
6.1 Importance as technique for preservation and restoration of Japanese garden

A Japanese garden is a space composed mainly of plants that transition and change, and the garden
trees are important landscape components that determine the characteristics of Japanese gardens.
However, the preservation of garden trees is an important and difficult problem, and the cultural value
of Japanese gardens might be lost due to inadequate tree management. In particular, garden trees that
have a significant effect on landscape composition need to have the precision of their tree shape
management improved. From this, we clarified that the 3D tree model proposed in this study
sufficiently reproduces the tree shape from the main trunk to the trunk/branch on the basis of the results
of the accuracy verification, which is important for accurately recording the shape of existing trees
and maintaining their shape.

In addition, efforts to restore the lost form of historical Japanese gardens are being actively conducted.
However, when restoring the planting, there were few materials that recorded tree shapes of Japanese
gardens in their early days in detail, so the planting form were based on old photographs and ezu.
Therefore, the 3D tree model generated by our proposed method can also contribute to preserving the
landscape of Japanese gardens that existed in that era, especially as a record of the landscape created

by the garden trees.

133



6.2 Importance of 3D tree model of A-bombed trees
The following four points show the significance of constructing 3D tree models of A-bombed trees

using a TLS.

(a) Accurate tree shape at the time of measurement can be saved, and it becomes standard for recognize
changes due to various factors thereafter.

(b) By seeing the tree shape of the whole tree and touching the texture, you can experience the
characteristics of each individual tree, its damage situation, etc.

(c) By providing the A-bombed trees as models, such as hands-on exhibits, it is possible for many
observers to experience them more intimately.

(d) By juxtaposing many A-bombed trees and overlooking them, the individuality of each tree can be

recognized.

Regarding (a), Hiroshima City listed the A-bombed trees in 1996 and has budgeted the treatment and
soil improvement costs for conservation as part of the peace administration. However, many of the A-
bombed trees are at risk of aging and withering. Therefore, by accumulating the changes in the shape
of the A-bombed tree using the 3D models, it is possible to contribute to the judgment of their health
condition by experts such as tree doctors. Regarding (b), (c), and (d), the 3D-printed models can be
touched by hand, further enhancing the understanding of the A-bombed trees. Therefore, they can be
used for peace education, and to help understand the conditions of the abnormal tree shapes of A-

bombed trees.

6.3 Potential for expansion

The TLS-QSM method used in this study was originally intended to calculate parameters such as the
amount of above-ground biomass (AGB) of trees with high accuracy. Therefore, in addition to the
accurate reconstruction of the tree shape disclosed in this study, it is possible to accurately acquire
information such as the total volume, trunk volume, branch volume, height, trunk length, and branch
length of a tree. Furthermore, the use of the reflectance of the adjunct information may enable detection
of withered branches caused by hydropenia. From this, it is possible to acquire parameters to predict
the growth of a tree by periodic measurement, to diagnose garden tree activity, and predict changes
due to changes in Japanese gardens.

In this study, the importance of a detailed 3D tree model was described mainly from the perspective
of landscape architecture. However, detailed 3D tree models are also applicable in various fields such
as botany, silviculture, design studies, and climatology, and are said to be important as analytical
research materials. Therefore, the construction, utilization, and analysis of 3D tree models using a TLS

is extremely versatile and practical, and directly contribute to society.
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