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EDR— IR TH Do AR TITAEEB I BV THLZE
L—Hillms A7 A TEHIl L 727 — % % LIDAR 7 —
5 LR %o

222 LiDAR DBIEHE

LiDAR ¥ AT A, BEKT T v b 7 4 — L 3#
DL —HFAFXY =T AT A, REERIERE, 2=
W GPS B OB 2> SRERL S v, AR 2 A T I8 ST
SNDHL =&, HERBARZ &EORETHIA SR> T
ARG VAL OFMZELZET 5o LEHROE
Bl L -V Rs LB EE, PGPS Rk
b GPS R & 7 BBEAIMN (EFRAESE) AL
72 GPS HIFER. REFHIEEICLVMETE L2720,
HE SN BRI E OFEEEY b L2, HERLEREO 3
WRILTERDPEHTE 5o

223 LIDARTF—42MiNT

=YgV 21, B L7V —FE— A0k
HHELFHMNICE S DEDND - 726 472 o T
B L C& 7279V A (First pulse) & 2 IZEHL T &
7278V A (Lastpulse) 234U %o fiE> T, BRI E L
9 % %t 54T U First pulse 7° HEK & L7 i g €
7V (LUF DSM) 3D 7 — % %75 L. Last pulse
HHLEH S 172 DSM D% < 133K DSM % 77§ 75,
WEROFEHRL TRBMEAICL ) ZELZZITLE ST
bo Fiz. BHEHRLKERPHAET LMD, BRED
ST & OEME R I ORA X, B—7 AHK
R T BREAE DL 7 WIEEBR, FRE O EIZIERT
MENRELRBLIEPHLMIEINTVD (BES
2002) o AWFZETIE, —H#&HY7% LIDAR 77— 12b & D
CHRBEEREZFERN G ET BT LD 5, LIDAR 7 —
Z XD HMEHRAER L2 1m27 ) v KO DIM %
HHL TR 2ED L, SOF—FI13FmK 15 4E 10 H
21 HiZAY) 27 ## LIDAR 12 & DR S 7z,

2.3 LiDAR 7 — &2 MOI&EE
231 HRAEHOHBE
AT ERH 1746 H1I3HA2 S 11 H 1 H T TFH
RS R R AR A ARG 4 RIS B S o3k
EMOERRTERKE., R 14 ~ 16 FF 0Bz & L,
|2 LIDAR 7 — # BRI R I BRE S N80 2 3EE L
7o K= 21 ICFAEHOMIZ . £~ 2.1 IZ LIDAR 7
— ¥ HEILE R T,
FAEMIIERENIEL, vV, 7T, IF TR
EOEARE, VIV, YT Y TR EOBRARTHERE

B R AR e

i : &
LIDART —Am i | N -

G

_L 7 A5t ARTICRAERE
Nz #hE

T —RHIE R

TEhEhE
HM—2.1 Bz
®—21 SEERSINALDARBEIEY X T LDET
T—ARSERR 2003 10H21H

xS 500 m
*tih i E 25 m/s
BEE 8.82points/m2
AT L ALTM1225
L—H KR 1.064 ym
L—YREHHEE 25,000 Hz
AEvUSEE 27 Hz
AExvUAE 24 °
ERT—4 First and Last
E—LDLEMNYH 0.2, 1.0 mrad
KEFBROFEE X, Y<05m

EEAROFEE 7 <15 cm (one shot)

o

M—22 FHEHBORKI
NIZEHRRSSHRNIC D B o BIRR S N7 ARE O ) -3k H
WIZED T L CTB W LD REIZRED b s h o7z
(B - 2.2),

2.3.2 RERR
R—22 RIFHERR

BEm  LEm  Eem BE e EE
GPS3  -1141.51 86768.57 386.22 pil -1242.52 87132.29 424.44
pl -1175.37 86810.28 391.45 pl2 -1199.71 87174.27 431.65
p2 -1214.80 86827.18 394.81 p13 -1185.30 87223.00 438.79
p3 -1225.44 86858.41 396.94 pl4 -1263.45 87215.00 44543
p4 -1236.07 86896.22 400.38 p15 -1305.20 87240.73 45353
p5 -1224.96 86922.15 402.71 p16 -1331.91 87240.33 456.96
p6 -1255.40 86966.82 406.98 p17 -1292.44 87322.41 464.57
p7 -1285.37 86978.77 408.62 pl8 -1311.75 87337.59 465.85
p8 -1275.92 87012.76 411.17 p19 -1390.67 87336.74 468.20
p9 -1247.91 87036.72 412.39 p20 -1395.52 87356.83 468.92
pl0 —-1262.27 _87057.39 414.15 p21 -1353.30 87381.72 470.30
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EHIC, K s S MFHEIC L Y HEICESTT A E
W o B A 5 RS & 1572 o & ClI AR E O F gL,
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2.4) HEWHAIE: (X LIDAR 7°— 7 I E R OFREFL 55 5 |
BRI 10 m3B X212 20 A& KD S Foat 51
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129 & L7z MWl E DR & SR E 2 X - 2.5,
2.6 129

233 EE7-420DEY

LiDAR 7— 4% L D{ER E N/ DIM X, 1m”Z7' ) v
F OB FIRICES SN/ T — 5 Th b7z, —kW
FETHKAOES KDDL, H—RWIHELIZ2 X 2
TA Y RINDOAODEERMHEH L, L—kBEEIZL -
THHEREET 2 FET, PHLIcE AR L—D Y
TOREND D, H— 27 I2BWTRD DL EE Ou,y).
KHEOMEE Pij L5 &,

O(u,v) = (1= 5)1=1)B, — (L= $)P,., + (1= 1)P,,, + 1P, ---(1)
ELTOA Y FIHADERRDL LN TE L, T
LY RD7EEE b= VAT — g 2L BllE
TIS7AZ S % JRHEE L 72,
FERMEHENTELDIM LD Z1T 72
® 1/5,000 HEHREARK S SEK LA 10m 7Y v Ko
DTM % L 72,

234 R

LiDAR 7 — % & O Iblid, WIER B & /-4
Wi Cld. #5852z 850 2 B s, g
BICRRE SN2 Tl s 2RI T 720 FEE%E
K- 28 2917, MIVHLNREBY, T—%
HERICBRE S N7z 127 HCIRRED T8 1.04
m. JAIERT 90 HTIE 1.35 m EBEEIT/ N E o T2,
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60
50
40
H
a0
|4
20
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0
-4 -3 -2 -1 0 1 2 3
RMS(m)

K— 2.8 FKEFIEHDOHREHEERZE
-.-l||l-_
X—29 BIREISOMKREMEESE
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;10
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K—210 10m%) v KO DTM DREHEFE L=

FERED T THERD DTM % W T L 724 R %
B — 210 2R, fEkD DTM Tld4 s (217 5) @
BED TIREEIEN6.02mE ). KEZEENAL
72 (K- 210 TNHDMERDSHEFRD DTM % H
W2 TR, LIDAR F— % # W2 T2 LD
KIBIZEEZEDHIR S NS Z L 2SN,

L2 L. LiDAR 7 — % BRI S MERT O X 12K
ELRMEVPAE LTV, AR S & EEBAH
FTWEHEDFI - LA (20 1) TORRED
033m& o720, EHOHN 70 5 TOBRE
MWLIE0me R AT LR EDNS, MBEIZEET A K TEHE
LR DRI AL — 5 % - 72 n Bk 2SR R & % 2
bhs (- 211),

=

oM L

« HAEAELD er

Al

Lt S 4 oL

Hiy,

HM—211 #MA - FHZE TOMKREMEERE

455

aT5

EL 1

. I0BERE ()
HM—212 JYv FRERIC & 2 HEEOZEL

Fo, MEEORK LD (K-212). ImA v
2D DIM TIi&, JEBEO m A T ISR & 5 LB R &R 40
TIRELSEHOESZHEZL TBY ., KRBT T
Ml & BEEICAE L 5 12— E0EPB CHE ST
LZENPHLNPTHL, —H. 10mA v 2dDIM
TR ELBREREIRD LTz,

2.4 LIDAR F—#% #FIH L =MERETFEDRE
241 BFESAOLTIEHTE

LiDAR 7— ¥ MlEZICHE SN HKEO L T 8%
WETAH720IZ, LIDAR T— 5682707 1 —
VERAWTHENEOY+ - BrwEREzEE L, Pk
MFEIC L 2T ERER AL, EHICH 0 R
BUTOEMBICE ) EDATHEND IS EE
L7260 1) 31 EEATLIDAR ¥ — %12k 570 7 1
—VEER SR VEAIL, HRERZRBEOREE A% L
FHOEEMR ML LB E2EEET S, 2) &
T E 0 LRHERE & 23 2 720 & HEE 0% H %
FERET D, 3) BEIEHLS ZWEEIE, Ml
BECHEELMNEIZL > THILBE DTN EEDT,
4) HILTEA 1 mEl E TR w8413, LiDAR Ol
ERRAEL A% LHILMARE S ERLFTEHIL. L
FBlZaiHOFFEIC L ) Wiz 2o 7z (K- 213, F£-

2.3)

| EEELEBH

(AL ET ¥ -8R

ERUEEELEBE T §

B [ 2RECER

'E. EERLI-25
H—2.13 tEMrEi&itEEOHl

£—23 Ko 5N ERETE
_EE _ BEEm(M) B REEm(m)

Om 11.35 110m 1549
10m 61.01 120m 10.34
20m 17.15  130m 125
30m 15.17  140m 15.17
40m 13.12  150m 6.77
50m 3.06 160m 8.19
60m 10.26  170m 12.39
70m 16.91 180m 9.11
80m 32.88 190m 31.50
90m 3.82  200m 4252
100m 15.25




LIDAR 7 — % £ A\ - MIEERGT E(FEEREX EFEDFHZE 79

AR OME L, BEROLELZ B L O TORT
SN TWDLZ 0L, KOO N-MMHAEIZET
UtmEfEE %25, SHIWCENESNEREE D L1
%E&”i%iii@%iﬁT%&f% SR I
Tld, BB ICBUTLMEEL Al i+1 2B A0
E%%mﬂ‘ﬁnﬂﬁ@Eﬁﬁ%%dtﬁét‘T
ALV ETE VISR NS,

d
Vv :2—(1‘1;* A, ) e (2)
FK-23 L VEHRLEXKHOTTEEZER- 2412
GNER
R—24 XETIBOHERER

X P+8m’) XR 8 (m)

Om-— 367.00 100m- 164.24
10m-— 473.36 110m- 13546
20m-— 176.13 120m- 7499
30m-— 153.83 130m— 12359
40m- 83.74 140m- 11468
50m-— 72.14 150m-— 81.79
60m-— 143.36 160m-— 114.83
70m- 256.41 170m- 11784
80m-— 188.87 180m-— 24773
90m-— 76.15 190m— 430.34

&5t 3596.48

242 LIDARTF—42%FAL RBBREXRFED
RET

LiDAR 7— % # fIJl L CL TRIMEEE AT ) 720,
MEO@EB L, BEEEZED, 7077 AL ) HE
BEFERAT V. BT EZ KD, T TEHEELITo 72,
KIFFEClE 7 12 7 F A 1d Microsoft VisualC++.net & fiff
A U/ER L 720

2.4.3 MMERRETHE

BEBARR S+ T8 & LIDAR 7— % ZFJH L CTHEE
L7t TEO]EZIT) 720, 7075 4 L AMER
FHCH -0 . BERHIE S R oL %
EEOEHEE LCHFERL, F0EE RSN HK
B EBED 35 mIZERE L7z FERIZ, AR W
THHMPEIC LV E SN REEAROFIEMEE
A L7, BB EITNEICE > THRAZ1I0mIED
MEOHLEEZ 275 4 R THE L. &XH%

10 435 Lf‘ e L7ze BIETEIL 10 m 2 & O E B
¢L~ EERW, #iE LS TREXEOERZ I
B4 55 L&ELKO

244 ZXTS5A HEBOERE

il & E. WEBEPIRORTDMED L &, 2heh
OWEROMZ SO CHETH 5. fMiH DR
KW EE LTid, #BHE. 777 2T 2 HiH.
AT TA VMR D B, MMM L IZFNEROWE
B2 ERTOLRSHETH B, 5750V amiie
iE. n HOMEEESG 2 5N/ X112, SHIETEn
-1 ROLERTH IO L HETH) . ERRIER
D EAREIDE LR E DR S D (K S 1996).
AT T A AT HBE A AEIL, TOXE I E
IZHER3 2 A THE T2 HETH Y . BIHOARZEE
SHHELIZ v, F /o, FIRENHEBENPETH S Z

RVEMEEFORMKEOLHEATHL I L b,
SRAATITA VSN TWS (1L 1976), LA
FoHEL S, AW TR, EBROBET— & Mo
MHEE LT, 3IRRA TS A4 Uiz vz,

T A=F 1L D, BIRODAT T4 ikt 7 A
¥ M

P(t)= A+ Bt +Ct* + Dt°
EFEE DL, AL PO IE. x(),yt) FEFRE T LFEH
MENZ MV ET D, T2, /8T X —F t OB

I ESMOZEXMEL T2, AT 71 Vit
TAY M EHLLTROMEEABCDIE, K7 A
Y NI OAMENSZ MV PP+l & AT MV PLP
i+l 25252 EICEVRESINS,

A= P/: .............................. (4)
B=P, e (5)
3(P, P) 2P P
c==B) 2Py Pu 6)
tk+l tk+] tk+]
2P, - P, P
D= (—M) SERIEL e (7)
tk+l tk+l tA+I

3(}”'(0)}(774 > OMEEITAEYIZEAT & 7 B 728D
2. FNFEN2O00R T AL bOEREIZBWT
TJ_%’\7 Mov, 1 WGERIEL. 2 YOERIFLE B I ﬁ'fzu
BIUT L Vo 2UGEBHDSHERTH D L) bz

—ffbT 5 &,

tmzpk""z(tm +tk+2)P'A+l +tk+1P'k+2 :7{tf+1(1)/‘+z _PA+1)+tk2+z(Pk+1 _PA)}

F2. NS DKM VR EHT 5121
EEEREOMBNRY MVPI T TR, B0
WO NRZ VP IPn DIRENLEL b, Ml
BMG S E B EOMEIZ0 L 00, AT
A VHRRITEHBEETICH L5 DET S L,

P 3B -R)

Pﬁzf 21, (9)

P'H+2P'”=M .............................. (10)
D2ODEENMbY, ATF5A4 Vi s Ay b
KTRNOBREABCD DWEH S, A7 74 2D
PEENL, TNIZL > TR SN HHIEIZN -
214D X512 FEHRRTZ PVP@O L) HIFE L7
FOBFOEALNZ NV H() % hx(t),hy(t) ORI E
N7 PIETHE,

—HNNES

— AT AR L TR
-

M—214 X7 Z1 HETHAERY
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hx(t) = cos{ A tan(— %]] .............................. (11)

;8 D .............................. 12

E ) I mMBTELIZ 15 mE TORBEIZOWT,
LIDAR 77— # 25— R NFECESZEH L. i
ok e L (- 2.15),

hy(t) = sin(A tan

— RS

—a=17T5 M

a— TS5l
Hr3E8

X—215 X754 I T 2FEREDO—IR

245 tTEEHIOTIL

UToFETETLEOH T 217-72 (M- 2.16),
R T 3 A A D P
T T X R B D 95
R BRI TR (IR B 0 DA i % AT L 3R % g
MERHOZLXHOMEE ZRKD S
FRROP LB ED 5
EOHNOIEE OB CHAZENL-HEr ED

%

@ KDz 2 H LY EEHOFEAE & HIEH O & IX -
ORI NWEEDREERD Do 7272 LHIL & EH O
HE ORED SR EE GO N Do A, AR
2 DOBEEEE AN TR EE KDDL (K- 217),

® HMEmMEINSOETHTINHHEXMOMR %
B LRERERE E 35

© WAL Y FHRNEEIC LD I TEYENT S
ko TRk oNETEIZE- 25 %57,
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246 TIZ2DHHE
FTTEDI0m T & DIEAREZH - 218 1287

Fx—25 RKEMERTOTILICLZHELTE

X U= ) i IRIES=10)

Om- 22760 100m-— 140.33
10m-— 266.67 110m- 135.60
20m- 166.61 120m- 70.73
30m-— 16513 130m-— 155.31
40m-— 202.16 140m- 192.36
50m- 22242 150m- 97.96
60m- 9245 160m-— 130.40
70m- 15207 170m-— 113.27
80m- 27245 180m-— 248.05
90m- 226.78 190m-— 363.15

&5t 3641.51
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- RFS A e
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KLy EBY), KEICL > TIERRENELT
W5, ZOERE LT, I oL TEHEEDFE
ETUr I AL BHEEIOFRICRENH S L TFES
Nico ZZTHEEBIZOWTHREET 5,

1O TIER - 219D & 5 IZHZE SNl
WBERERTSH ), a5 A TIRERE ZMEE L TW
VW ERnb, COXMTOFTIEICRE LT EE
LbZElhol, TREERGEELHOELAL
TWahloETENPKELL o7,

2)DERFTIE — 220 D L H I2H — T OTESIZAL
BLTWAH, 10mB & DK N % EEMT Iz
BT =YL 5T EHE CHFEWmdE:s Huwiz7:
D, H=TDELLADTTEIEGEEIN TRV, L
L. A5 4 HFIC X o THisE SNz SIIE S
10 7E LT a7z, FHMEEEZHWTHITIT
H—=TOLTEINMMEETEX D7D, 7077201285
T TEMEEDIT)IKREL KR D,
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L
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RIEERE (m)

—222 REIEOLR

O -22105H12, TTEOEDLDT Y b ol

RICEB RO 24T o 720 FERIIK - 2220
oz, Bl & 5 OHE IS 3,546.48m3 T
HDHDOIZRL, 1mZ )y FDIM % HWwi54&
1% 3,641.51m3 & 72 D EREIL 267T% & 72 o720 T HLIC
LT, 10mA Y 2dODIMIZT AR+ TEIX
10,637.6m* & 72 0, AL 19% & % b, Lo &
PHIOTaT T ML o TREREOWMET DT HE
HHEEZLND,

247 RKBBIGEOMRE
FAEHOME I HNECE CRRFI SN TBY .,
TYETHIEIN TS 720, BB O—F5 &
LCETE -BHEDINSLSRDEEZONS, O
MEEhETHE R T, T IE-BHOLEETo 720
MERRET L. BIEEZ 0 MEkEHE Tl s i
M®%%&L\%5135m‘EE®ﬁM%wi&ﬁ
X LIDAR 7 — # 12 X 2 %G & A IS & X oFE5)
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oL Bt TEIERERLLEZ A, K
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REBRORLE
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20 40 60 80 100 120 140 160 180 200
-1000
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M—224 ABRROREIELER

944.38m3, RfE T = - 282.03m* & &2 )., LT TLEIXiZ
T 0md &7 o7z,

248 BROLR
Bzt TEr6, HREROLEEIT) 720
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STV K=, RIS N T v 7 B L AR
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Q: WYY EERE (m¥h) ,q0: N7 v NER
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0 1/1.45) L EEERER (08) ,Cm YA 7%
A4 (Ewt  328) ELUTORTRD S,
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Q= C meeneencencen (1 3)

m

CNE YR 72 ) OFEZER 1T 29.73m¥h & L 72,
2) 7 RF—=H (11 t) OFEL/-0) O8R5 LIEE
B

O BN oS LIEER (m¥h) L E: 1EE

s (06) ,D:AAENDEZX (03m) &L,

0=10E(11D +8)
LRI 720 O 5 LIEERIL 67.8mYh & L7z,
Foo TR =9 (11 t) OEE N7 Ko ED/E
EEIT.

Q : BEH47- D) #E D EDIESER (m¥h) |,V o
O (3,500m/m) , Wl Bl A RO E D IE (0.7m)
N o ESEE GH) &L,

VWDE

Q: N e (15)
LD IEH4 72 ) i E O/ RE 1E 88.2mYh & L7z,
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DOFWLE (md) ,Cm: FA T NVF AL E: VEERD
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w
Cm S BL4+a e (18)

L0, BEi472 0 0&ER &1 5.7m3h & L7z,
IhE DR EH L. EBROBEE RERR
DOVEERB O ZIT) £ £ - 26 &0, EEOY)
TOAONE LI, RBBHRIEE TEINS L fE
(B O RELBLT LI DD D,
=— 2.6 fEEBERE D L&

B IEREFR (FFRA)
PrEm) FrE(m) P+ Bt Ei =X
ETR 3596.48 0 12072 000 63048 75119
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FK-210 %0720 £-210256 00600 EBY
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R—27 Y anNIRIEHIEEEEMER
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il 6.8L 72 490
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Development of forest road design and strip road networks
arrangement support techniques using LiDAR data
Masashi Saito
Summary

This study developed the forest road design and strip
road networks arrangement support techniques on a
computer in order to efficiently establish forest road
networks which were indispensable to forestry management
and wood production. This method has been developed
using the LiDAR data which represented the details of
topography even on the forested areas. This method has
also been developed considering establishment costs as well
as collapse risk areas.

Since establishment cost constraints of the forest road
design were severer than those of the normal road design,
it was necessary to minimize the amount of earthwork
volumes and to reduce the number of structures. Detailed
topographic information was essential for appropriate forest
road design. The second chapter examined the effectiveness
of the LiDAR data adapted to the forest road design. The
LiDAR data can represent a more detailed topography than
the existing DTM. Alternative route design methodology
was examined while estimating the earthwork volumes of
the forest road design with DTM generated from the LIDAR
data and the existing topographic maps. The error of
earthwork volumes with DTM generated from the LiDAR
data was 2.67% compared with those of actual forest roads.
Alternative routes could be easily examined with this
methodology. However, larger error in the forested areas
was discovered. Therefore, it was necessary to examine
the effective filtering method which extracted topographic
information from the LiDAR data in the forested areas.

The third chapter examined the filtering method of

the LiDAR data. Existing filtering methods have been
developed for urban areas mainly. There were problems
on the reproducibility of the terrain when adapting these
filtering methods to the forested areas. Therefore, the new
filtering method, namely “the intersection angle method”
has been developed to improve the reproducibility of the
terrain in the forested areas. As a result, DTM made with
the intersection angle method had almost equal accuracy
of DTM created by a manufacturer with automatic and
manual filtering methods and reproducibility of terrains
such as ridges and valleys or shoulders of forest roads in
the forested areas was improved.

The fourth chapter examined the automated design
method using a dynamic programming and cubic spline
in order to reduce the forest road establishment costs with
high resolution DTM made in the third chapter. In order to
reduce establishment costs, it was desirable to balance the
earthwork volumes for the entire route while adapting to the
terrain. This method could find the route with the minimum
establishment costs between given two points while
determining the candidate points to pass automatically
with a cubic spline interpolation and optimizing not only
horizontal alignments but also vertical alignments with
a dynamic programming. This method could reduce
establishment costs compared with actual forest roads.

The fifth chapter examined the collapse risks of forest
roads and the soil depth of the establishment section. In
order to develop a shallow landslide risk map, a slope
stability analysis was carried out using the infinite
slope stability analysis formula. The soil depth was
surveyed using simple penetration tests and the frequency
distributions of the soil depth were estimated as logarithmic
normal distributions. A soil depth map was made using the
mode values of the lognormal distributions. Then, shallow
landslide risk maps were also made by a slope stability
analysis using these soil depth distributions. Finally, an
automatic forest road design technique was developed
with a highly accurate digital terrain model and shallow
landslide risk map using cubic spline interpolation and
dynamic programming. The program could minimize the
earthwork costs while avoiding shallow landslide risk areas.

The previous chapters mainly examined the forest road
design. In order to efficiently establish forest road networks,
it was important to examine the arrangement of strip road
networks extending from forest road networks. The forest
road density, the forest road network arrangement, and the
order of establishment should be determined based on the
forest conditions and yarding system. However, the existing
forest registration was not useful because described forest
conditions have deviated from the actual forest conditions.

The sixth chapter developed the program to establish
forest road networks while estimating forest conditions
using LiDAR data. The program established forest road
networks using graph theorem which guaranteed a unique
solution while estimating forest road establishment costs
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and yarding operation costs. Yarding operations were
assumed to be conducted along stream flow lines. Forest
road networks for transportation were established with
Delaunay triangulation and Voronoi diagram. Then, strip
road networks for forwarding by a forwarder with 4 ton
loading capacity were established so as to connect from
forest road networks to landings. This program could help
forest operation planners establish forest road networks as
well as forestry operation system considering economic
balances.

This study developed the filtering method to extract a
high-resolution DTM from the LiDAR data and techniques
to examine forest road design, yarding system, and forest
road networks arrangement for forestry operation plans.
These techniques could establish forestry operation plans
available in forestry operation sites due to their accuracy.



