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Vector data extraction of road information for
maintenance of high-definition map and pavement

asset management using MMS point clouds '

Ryohei Honma

Abstract

In recent years, autonomous driving technologies have been developed to reduce traffic
accidents, improve traffic congestion, and automate pavement maintenance. For the realization
of safety autonomous driving in several environments and situations, it is necessary to generate
high-definition maps. The total length of roads in Japan is about 1.28 million km, and most of
them are local roads. Thus, efficient generation of high-definition maps for local roads is crucial
for widespread adoption of autonomous driving. Furthermore, the shortage of engineers
involved in pavement asset management has become apparent, and the budget for maintain and
repair of road pavement tends to decrease. Thus, it is necessary to reduce life cycle costs and
pronged life of road pavement by efficiently inspecting with limited engineers and budgets and
shifting to preventive maintenance. On the other hand, technologies of automatic generation of
high-definition maps and extraction of defects on road pavement using point cloud acquired by
MMS (Mobile Mapping System) mounted laser scanners have recently been developed. Then,
there is a demand for technologies to generate high-definition maps for local roads with complex

structures, and extract defects on road pavement of various types and sizes with high accuracy.

Road edges are the boundaries between roads and sidewalks and one of the main elements
of high-definition maps. In the automatic extraction of road edges from MMS point clouds, there
are some problems that the extraction accuracy becomes low at curb cuts, intersections, and
small occlusion parts from weeds and fallen leaves. Also, there is no method which extracts
region-type defects such as rutting and potholes and line-type defects such as cracks using a
single framework from MMS point clouds. In addition, it is difficult to extract region-type
defects with different scales and line-type defects with complex geometries, and there is a

problem which the defects extraction accuracy is low.

In this study, in order to resolve these problems, we developed an extraction method of road

edges on local roads and region and line-type defects on road pavement as vector data from

i1l



MMS point clouds. In the automatic extraction of road edges, we proposed a tracking method
of the road edges based on the bend angle of scanlines and smoothness of road edges by using
smoothed scanlines. In the extraction of region and line-type defects on road pavement, we
proposed an estimation method of ideal pavement surface based on smooth curve fitting to
scanlines using an index that represents the impact level of defects at each point. Then, vector
data of region and line-type defects are extracted using displacements from the ideal pavement
surface at each point, and region-type defects are classified into details defects type using their

geometric features in our proposed method.

We applied the proposed extraction method of road edges to MMS point clouds acquired
on local roads, including intersections, curbs, and weeds, and verified the effectiveness of the
proposed method. Moreover, we also applied the proposed extraction method of pavement
defects to MMS point clouds and confirmed that the proposed method accurately extracts region-

type defects with different scale and line-type defects with complex geometry.

Key Word: Mobile Mapping System, Scanline, Road Edge, Curb, Road Pavement, Defect

Extraction, Vector Data

T Doctoral Thesis, Division of Systems Science and Informatics, Graduate School of
Information Science and Technology, Hokkaido University, SSI-DT79185212, August 28, 2023
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SREg —peEE EEATIRE FETATE :
BOVU-NEE m TIPS MBS w ke
X 1.4 ERKERNZ L o]

T A7 7V MEEWIC X HEEEE T, BITHEEICE D&Y IRUMENRD D Z &
LD OUEIN (K 1.5@) BFEEL, OUENAETT S EMAKR EDKGBOT
FNEN L THROBEICREL, KEWOUEINR LD, BERSHEEOEE &tk
HDORFEIL T AL &R T, S5, REHBBHBHEL TRy FA—1 (00 (K 1.5(b))
DHAETDH }: bbb, Fiz, ZIFSDOKT LI BERLERIC K S WRIED D)o T
D, BFRICHEER SR L 2o TODIRBETH Y IR LATEN DD Z LI2XY, KREHE
ﬁﬁﬁ%%%i;b,bk%%ﬂ#%ﬁ?é(ELﬂW.%@MK%TR77»F%
HETIEFVOLIER, KEHEE EOBRELRET S (X 1.5, e, ).

BEORAET, HIECGE R, SO T ER SITRFET 5. FlzE, fE%
HHITIE, EERICKEOKSTENELL 2D, RESLHA YT =—OFEHICL
HAEET L2 00, OBEINCR Yy hAR—ARREELLT V. £z, HEOREW
KRAVHL ] O8I T§ 5 MELER Tldb 72 bl EOBEN R #ITT 5.

AARENICEBIT 2EBIIERIIANRO LBV 128 7 km TH Y, BIEDFHERK
RN ST ARBUCH D (M 1.6). —5 T, JEBEOHEREBLA & Lot 7 ALK
D AR BRI BB R 3 DO Rk K0T 2000 FEA DLk LTl (1K 1.7),
Lt T OMEMTESET 5 & TRIS TS, FD7-8%, S%IER G- H#iEIc k&
S THRIICHERFEHRT L2 Z L ARODBND.
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X 1.7 ZBFEREZFHOHB[13]

F 7o, SEMERHEREEICR L QI 1.8 IR TE Y 1990 AR LAV - 2 @M &
. BENET LG IRELBRETINEL Y, EREEAEIRBESS OGS
E0H3ELENEL D 2 LR SN TV B[14]. D128, HIEO#EITE I ERE
T2 HEHEETOMRFE B D, HENEIT T 2N % 1 I v 72BN TERE
DI FAET D TRHR AT OIS RICIEHR L, SEmoEHMbLE FA4 79 A2
VAR NOREREEBRT D2 ENLEERTVD.
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X 1.8 &EEDR Ly 7 b EREE OHR[14]

BUR OEBEHERFE BB LTI, EREMATAE 35 50 2 85 1 BUZHWTC, [Eb)
7RI B OB Z ATV, EEEONEN MR MEEAR D Z L LEDDHNT
W5, ZOERICESE, EREBEITEmW L OB RAKRAE B FEIICEmRL TV D
f, ERSRE U CHABENZMH LK MR 2 & &2 32506 LTV 5[15].

E L2mE I, E AR T 8O IR, BetoRlEn, RE, seekik
IZOWOR LG S MEHE16]ZRE L TEBY, < OERKIZB VT IO REH
(P> TefHEMTON TV D, S RRESETIE, 5SHFIC 1 BIRECHEAHZ L L
T, b b aE, OUE7L3E, IRI (International Roughness Index : [EFE 7 7 1 A F5iE)
D 3 FEEANET D Z & B RROEARTEE LTWAD. 3 FEEEORIE LT A AE K
has O&FETA - REBIAEE17)IC X 2 HFIEICHERLL TV 5.

DIELIRNEORETIEL, BT 4 VA —F—F Lo THBEIT & ORI~ r 7
7ANERIG L, BRSO & R A A A TSR D DIR S B DTS B
BETD (X 19). #li~7 a7 7 A4 E20m Z LA L, 100m XKEIZET H0F#
il % A 223 e & 375 Z L 3~ TH 5.

OVENRITBTOAYT v FRT A U AX v I AT & - TS Lz B}
FIC Lo THEET 5. BIMFREICKEW L, BEm ELoOENICTF a—7 Ty—F
7L, Bl EIZ0Sm ZEOFETHEREL, B X —TF A L lL—~—27 O
ObEML—r~—7 ORMIE T, £E T HOOUFHIVIR 2T 25 (K 1.10). £
LT, OEINOARES Ny T T OFRICESE, $THZLICOUENRERH
T4, REFEICL > THGENSODERZHET 254805 5.

IRT (TAETRICISIT 2 BH O e O OHZ RS 58 IR ETT 5 1 0 M B 2 K3 FR A
ThD. IRIOWPEFFIECIE, KERREICK D HE, U—PEMFHT X0 BS Lz i
a7 7 A5 QC (QuarterCar) ¥ =2 b— 3 ko TEHT S HE, HEO
VAR APBRT 5 5L ERH H[17][18].
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PEHENE bIebENE

SR ERIE
H 1.9 bELIWENEDOHESIE M 1.10 OUEINRORIES
17000
A:eemm % E:eem/m?2 ylg
£ :eemm IR : e@em
TIESE . eemm
)
%
i : @ em?2
i BARE : @ @mm
EEE e aer PRREN
" . 00Mm
& : eem?
BXZEE : eemm
- W DiEsiEN
O prEENER O ARy MR—JL ' ‘
O vuvgEin W DUEIN
| =
(a) BEF D RBRREROEHE T (b) BARL 5 AR ROEH SR

M 1.11 BEFoRKREREHEFRK L EHEAR

IO OREFEFHA T EOFHETH Y, s ROFHE SR 1.11 IR T
£, RAV IRV NIZKAEB LR > TWAHZ E0nb, DELIHNO AR
PO, OUEINO S ORI EHM A2 TE T, EESMBENRZE LTS
72T, MEFHERE TFICH T 2 A CILE 2R ENRETH L Z L RR ST
L, EEOBEREDA T T T — X 2 CTHIE Y EE®R, EeTr— 2 %%
LT Ty P77+ —LHMEL, B AROE - EHITE L THZENEENRT
WA[19][20]. Lo T, FPHARAEROMEREROEIIZIE, K 1.11 OIIRT L 1T,
BERELRTEELM G LD BIMNERORY M T — 2 LU0 UEINOFEMTE
WaRIANT MT—=FEERT D ENEELNEEZLND.

¥, HESRESE T, 2 ToRGERRIRE L TELT, Ay hA—ARE
DOEGITEBNCIHET HTDICHERRICL > THRATREHELHL LTS, Lr
L, HESBRIZEBT20REFEIIRESN TR LT, BA LEEOFEFIEITER
BEHEICL > TRERD. £72, BHRARBEKRE 2570, HEORKE LHRAET
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HEBZOND. ZOZEND, HEAREFETRY fbnbE bl &L OUEI
DUSNDOEEGIZONTEH, X7 MLTr—X2 L TROHES Z LT, HilkfrEs2BE L7z
EHSC, ZOMICT HilrOIEH L AIEEIZ/R Y, IEfEMZ b - 7= TR AR O MRS PE
ORI EREHEFFE L - (B L FOBERIC SR b EE XD,

1 FEHUX] DOVER SIS SRICB N T, A TR —F R Xy R Ekkx ek
—MERESND. B ATIE, EEICEIATTZY, FRLICE > TEGZIIGT 5.
V—HF2AF v T2 HWFHIFEE R L TR XA FTHEATE 5728, HljOmE#Eg,
ODOVEINR EOFRFRE W T2 RIBHEICBWTER SN, BT Ar—/L a2k
729, BREEOR S 2 EEE I CE e, FHIEE 2R 255 ORI ARmE T
H5.

L—H2% 1L, @EEHEE LD O U—RE RN oM TH Y, FHIRIC
U—HERH L, RoTEXL—PREDORFRZEDS L IIMIMHEN LG E TD
FEEAEH T 5. 512, MERIZE D V—FHOREJH & x5 F TO/RREN D,
L— RSB 2 A L LIRS RO EZ55. £72, Z2< ol TiE, v—13
HEDHRIG DO T LT BROAE S o8 CTh 2 KSTRE A BUG T&, REEEICL > T
T & AR SO DO BRLEM OEREZRHTE L. L= RAFr TITL > T~
ERFHIFHIT 2 2 & C, Aoz sftl LTRIGETE 5. IG5 REEOREIE
FL—FRAF X TNEOHEEHC L > TRECERY, SFEOT—Z &L, EmV/Irx
L= DU —PFRX Y T 2T L2561, BBREKR LT —2 &8N RERS.
£ AR T I, TFIX L —F A F v 288 U723 DN E L TR,
ZOFHNGEL 2 A MItkx TH 5.

#h b v —4 (TLS : Terrestrial Laser Scanning) 1%, —MIZEIZ L —V A ¥ v 282 A(F
JC, BEMEDNGSBEEZIRET 53HIAETHD. L—YFRAF v T L bIlITh AT
AL, EGELRETEL2ET A LERLTWD. @& & O SR A U
TE LD, EEMENSOFE D720, JRFEHOSHITRETE . 20k
B9 EOREYL T T v MR THENOFHAINZIEH S 5.

SLAM (Simultaneous Localization and Mapping) XL —W A% v & L CTH N
EHEE & HIKWERR &2 [RIRFICAT O BN CTH D, L—FAX v 3Ny 78y 7L LT
BA-72Y, UAVICHER L THEMNT 5. Rl AT 203 X MIEHT 5L —F 2%
¥ ORI 523, %ibT 2 MMS Oz L —F L0 IHRWMEAICH D, Hi L
L— W L0 RHPHO SEEABGT 5560, MMS 0122 L — 3 CEHI2S K 70 4217
ZERIP L 2 E IR SN A.

MMS (Mobile Mapping System) %, Hjj|Z L —H A F ¥ F<° GNSS X° IMU (Inertial
Measurement Unit : 1EMEEHAEEE) 248580 L CRBEZFHIT 288 CTh 5. A E1T
T 52 & T, EOELOMPIR A S#EE L THUSGT 5. BTEEICH N 2Nz,
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SR A BT RETH D, MMS 1ZL—F R F ¥ Tk » THBEZBET 5 &
[FIRFIZ, GNSS & IMU (T K o CHUBR A K OVERl D R85 2 — e IR TS L, %
DAL K > THIBBREAT & O RRE L, Ml EITALE & B8 E —ER ] 2 & ICFek
L7 BTN 215 5. GNSS & IMU OFRZEZMIET 572012, & RA =2 %275
BHEbds. HATHLEMICHEEL, SR HICEREIET S & &0, EKH
X DOIERRCEE RO, b RILROIER O S, BAECEMR 7 L OE I D 3 O
AR, BB O A, KR 042 728 SUEAT P HIE, IR E R ITIEH SR D.

UAV (Unmanned Aerial Vehicle) L —%, UAV IZL—¥ A% v 2B LT, E%
DO EIZE DS TL—YHEREIT D2 LICE Y, MBSO SRE2 UGS D HIET
b5, BB THMMEL—F L LT, FHIBEREHXIREN LD b DD, RITRES
ATV — MCHHBERD S, AARENICBWTIX UAV 21T SB35 72007 A AL E
LB, ERFIAGEIZILFRRCWR)I EZ2TH 0, HAREEORmE S, I
HEIHFHINS.

fiZe L—4% (ALS : Airborne Laser Scanning) (%, A}~ a7 X —ZL—H% R
¥ ¥ R GNSS ° IMU ### L C, EZEn ol Bz Tl —9 a5 &
IZR0, #HELEd), MAEORFELZIGT 2 HETH L. RO RHELZIRGTE 5
—J5, BRI RIS 15 & el U TIRVME NS B 5. B I SR} IR
5, BMWEEL, BERRA, EEGRA SIIER S S.

H B s ] O mRE ELE B X O AERL & S R RIc B VTS, RIEBEAZFHAIL, 350
7RIE BRSO 1 DR ERIRAE 2 78 C & 2 ML DL L B E N TR S D, I A
FTWIA T — N afi=7, i EL—F Ry 7 Xy VX ERBEOFHINC AR EZ TH 5.
T, MIZEL—PITEBEOBENMELS, P OHBENIC L - Tl s nd 2 &
HEEMICHE LT, — AT, SEBEREHAIGTE, EATERO A2 EEIC
B FTREZ: MMS [IfEHICHE L TV 5. EROMEFFERIZS WL, AT m 7
ANV A—H — 2 LA OREMERAE R NMEH S 56 H D0, BGT
— X BB EHERFE BLLIAMIE T & 5 MMS OIEH R EA TV S,
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# 1.3 BEREFHEEI; - Hik

i EL—¥ MMS UAV L —¥ fitzE L —¥
Hf - Hik
e “ é\‘\ M
[23]
23
[23] (23]
=iy — | Lb—FRFx | EEICL—F | UAVICL—Y | B2 FHiIZ L
AXxFERE | TEOWME | AX XY TN | AXYTEE | - AF v S
B ZMUTTHEHE | HFR->THIT| AF,GNSSEZE | B LCEHE | A 7,
DOALEBENLR | 52 L THE | ZEEHLT GNSS % % #
FEA B ez s A L CEHA
il 2T A
{K~rp K~ H~K H x
DA
- AT IEAEIC K N
o BEhEEEIC BEEREC
A Beus 17 UA#H %2 JRUN
e - e
FHAI AT EE
¥ mm- ¥ mm- # mm- ¥ mm-
TR R £ mm
% 10mm % 10mm # 10mm % 10mm
R = = K~ rh B~ IES
WER SR, 7| 77 b Ty | ERHIXER, | ZRAREE, & | R, R
ERERAR | 7 b LN | NERNEH hrrxov sz, | mBASE, I | B
LERNEFHA B OHE (=gt
1.2 BEERR %
1.2.1 & A E R R A O T DO LT OREERRE

EFEEDE RS DM, BARAMEECT 5 AR, (1R, BEETNE, KA L O EE
R, HEERO 720 OEATALECAZ BB T ARt T 5720, BENEIRT 2T A2 L
S THERMMN TH LS. BEAF RIS ERED @GR 208 B EE w280 L TR

N TWATD,

12

INEOHPIE MMS (2 K- THHS U7 S8 ClI SR E o 2= 502



H
11t
£

AR el

Ko THAIMRETH 5. BiEiE RO BB ICRE 2 BEHENTTE T, HEH O S %
L, SEEORSREZMHEN L TSR35,

Guan H[24]1%, B REZHHT 272010 A0 S DFEICEH L, MMS AR5
BOUETRO R A L7z, RIS, REEORREIZ L > CTEB A ER L, SEEORE
X T D 72812 IDW  (Inverse Distance Weighted : w7 FREfEINER) VA[25]12 L& » CTHEif%
ZAfIL7Z. 2L T W LIR2ISRT X9 ITHERD LEWERE L EL T+ n Y —D 7
0— Yy JAE A ERT S 2 LT, BimiE Rl E i L.

Cheng 5[26]1%, X 1.13 2R X 9 1C MMS FBED & R IC X - THlifg 2 7Bk
L, BEERZH L, 28T 2 FIELAIRE Us. S L — RS E ) & Xt
LW E TORERE, L—VROANRA, RYOM BRI OFEMEFIZL > TRY—
LB, =YD ARMIZ L DBEMEET IV ENANAT 4 VLHIZL ST,
RO TREE B O R R ARG & Z O OsE D = b T A b 2 5REH T 2 A E AL A E i
L7z, WICHCHSREEERIZxE L CRED 2 fifk[27], R ic ka7 4020
7, SRR RIE[28] D I ko TR R ZfhH Lz, S 61T, IO, f77F
(878 & DMLV AT L7272 g v U —I2 K - TR ASE, R & 55,
KH, 0L, XF7h0 EDkkx e R n a2 0 LT, EREEBROFERE LT, 92%D
Completeness, 95%® Correctness, 94%® Fl-score & ik L7=.

Samp 2 2 I

A
!

|
#¢

—————

X 1.12 Guan 5241 & 2 BREERSFEOHMH
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X 1.14 Wen 5[311iC & % BHEAZEROHH

Guo HR2INESFATEE BRI L TT T b— b~y F U 7 2M#A LT, #HEEER
OB (BT 7Y —), T HABEITK S (RH) 23 2 HiEE2RE L T
BY, MR 80%0> 5 100%0> Completeness, Correctness, Quality % 5L L 72. Wen
53110, K 1.14 (239 X 512, U-net &7 /V[30]1% 1 U CRE &S SBE 2 fhiH L,
CNN (Convolutional Neural Networks : & iAG =2 —F /LR > N) 12XV BHE R
B BRI 3B Uz, BRI R L OB TR L 0 BAERIZHE L T A
U505, ZOMEFIEIIBOTIEIN%EZMZ D Fl-score ZiZERK L TWAH. LLELD,
BEAF OB O A, SOWIHMEREZER L TnDd vz 5.

HR DRI R R A R 2 RO EROBLRE LCTHRIETE 5. Ma 5[32)1F,
LIS ICART KO ICHEBHPOHEA EAE Tt 2 FEZ2RE L. £7, MMS A&
B D BB O SR A I U 72 R ISR R EE IS K- CHifg 2 ER L7z, RIS, o
L & UWMEMLEE L SOR (Statistical Outlier Removal) 7 ¢ /L4 [33]12 & » T HEIFR R D
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S L. 2L T, £ E2—2 0 v R T2 Y U 72 & - TR EERER
DRREE 7 T AZEL, LEWELBRIZ LD HREERRO 7 T A X 2 Lz, &5
2, BEREERRO 7 FAZITH LTI WRATTA VMR T 4T 4 U 72T, R
U 72 5D BERREE TR O B HR O & AR R U 72, BERRHU DR OGS 1X 0.15m % 22K
L7z.

ARl B A AT IS OB, BNEHR AT 20 TH Y, HiERS L
ZEICRRIE SN D, RIBIE#O 3 WothiE 2 FeE L, EORENEZ ST 572912, MMS
IZE > THAS LBt S AR SN 5. BRI MIic ks T 2 558 Em L4 H
& LT, ZOREIZHREAMEDEWEMBLEH SN TWD 2D, SEEO IR
W< 2%, B TIE, S ORIV A X & Vo o B DAL, B
2D DE S 78 EDF %ﬁﬁ%ﬁ%bfu%%%mié Soilan 5[34]1%, (XL HICX
116 12T L D IRHED DI D 3 WLhLiE & FEE L, %wﬁgﬁmbtxﬁﬁﬁ%
DRBZEBICRET D 2 L THG» D RBIEFE#SEE 7 A ML, HHR— 2
B — VIR o THBZ S L. B O R MERE & LT 98%D Recall % i
A L7z, Guan H[35]1F, AIEEEES D Rl A RURTRE & M FRREIC Lo T 7 2
Y MELTERRIZ, REEAEBICR L THRE L TEgREZE 7 A MeL7e, &61Z,
£y ﬂbfﬁ%%@ﬁﬂwﬁ?/Y/-mw; A FIEE R LY~ <3 (GBDBM)
EEHT 22 LT, 87%DMHMERE L, 93% DM EZ =R L7 (X 1.17).

X 1.15 Ma 5[321ic & 2 EfRF.OLEORE
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1.16 Soilan H[32]iz & X 1.17 Guan 5[35]iC & % 3B ERR OB H
% 2B O

FOESE AL, HOE E BAERORRAR TH Y, HENERR IS IV TR A FTREAE K
ZHET DD END. Fio, B Ot o7 DI BE Mo SR A i
DA SRR DAL B S T2 0 20T B 72D b AT 5 Z ENARETH D,
B S ERSHCRB 2 EE MY TH 5. BEFTIEDOS X, RS040 DR
il k> Thaahith L, #ESERREIGT 5. BEfFEFEE, NEALERCES<
FiEE, AxX ¥ T4 VESS FEICRBIENS.

IR EE S FiEE LT, Qiu H[36]1%, RANSAC[37]IZ L - CThiH L7245k
DETH A S HEBE RO S 2 i L, EREE SR b EHRN Th D &
WO MBS D TR O B R R 2 T 2 PR AR E L. diERiEomE
VEBREIZB W T L ZEMIHE T 572012, ZEME2 7Y v RighElL, 77U v RN
DERD ZENL 7Y v RNREAOR/IE S ZRA L. ZOFETIHE, S30xE
D/INSVETEBE RIS B W CHHMERE MR T2 2 & 25 E L TRIF T 5.

Hervieu 5[38]1%, F 3" RANSAC (2K » CTHEE L7 FH DA & & 45 M OERT b
NDFFRZEZIESNTRA DM R Z R Lz, IR A — FRZ FE C&IRL,
HOEEE AR O W & s SITEES < BIMLERIC K » T S 42— ERR 2 L ichhit L.
IHIT, i Lea S b dEfl e BAEHRAETT Y 7 Le., EREFEROFSERE L
T, W=7 LEBAEICEB O CERRARAE LTS AIGB C& R D 2 L 2fRE L
LTWs (X 1.18).
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Local Boundary N Adjacency-graph ] Edge selection

representation Contour extraction { '

1.19 Hernandez 5[39]ic X 2B #EHER X 1.20 Rodriguez-Cuenca  [40]
MROHH (2 & % BEEE S SROAH

FROE SRRSO E S OEEZTE L EiG 2 1ER L <, EEgOAEIC L Ea
AT 2 FEBIRE SN TS, Hernandez H[39)1F, £7°, FHAOEmSICL-T
Ei% % /ER% L, Hole Filling 7 /L= U XA K » CTHiE DSOS 2 7 o V&2 ) v 7
L7z, WIC, EBEREOEICL T A ML, ¥ 7 A2 FOBER % BEEE
gl LTt L7 (¥ 1.19). Rodriguez-Cuenca 5[40]1%, JRPALEHEOE SOXEAET
Fk L2 A ER L T, SIREDOREWVERZRAMGME Lz, RIS, BAEmRSE
WXL TCEAL T A uy—OA =T = 7B EZEA L TxamEEZ M L721%, &a
BT B o e a2 i Uiz, B S SRS B S Em o/ Rk~
4T 4 I K OBAEO SR L2 (K 1.20). s 2 mgbd 5 LTI,
FhH RS RN E I OFRIGEEIZ 2L, BAa0U 0 T & 0EEED /NS WEFT IR
HHTE RV E W ) ENFET 5.
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S50m e
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EeY

@121Zm6Mﬂ i&ﬁﬁﬁﬁﬁ@%&

Zai 4111, MMS SN A—/—R 7 eV EEHRL, 777y hOZRILF
—I/MET VT XL A—X— R 7 BVICEAT 5 2 & CHER AR AT 5
BEEREELE (M 121). 2A—3—R 7 BALOIERICBWTIE, Fl LD S0z
= RRELUTERIRL, EHRT MVORSTRE, SAIFRIERR EOfREE2#EH L
Tz, 777y hOTFNF—(F, BEEFGROE S S &R MR IE SV TG
INTEY, A=N=RIEMIH LTI T 7y hOZXAF—F/MET LT Y X
LM U CHES SR A U7e. BRI S N E R B SRR TR 72 A AR I &
STHREL, KT —T77 40 v T 4 > 712K 0 ERE R E ARk Lz, FERESER
DFER, 95%LL LD Completeness, 98%LL D Correctness, 94%LL_ED Quality % 2EAK
LT/, 72, Sha H[42]i%, A—/ =R 7 BN OERAOMLEZFES < BIEEE R O
HEEZREZE LT (K 1.22). A— =R 7 B LOEMIZB W T, KER7R 2 S %
BT D7D 2 DORT— /W Ko TR LICIERY Va2 R 2rgiE R & iz
R L.
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(a) Original road scene (b) Manuel procession (c) Region growing (d) Facet segmentation (e) Proposed method

M 1.22 Sha &[42]ic & % HEEFBRORH

1 2
00 ——— Window2 Window?2 © 0

Window Windowl

o0 OOOOOOOOOOOoOCDOOO ® 000 @ @

@ Road Surface Points @ Curb Points @  Unclassified Points

X 1.23 Yang 5[43lic X 3 BEEERBROFMH

A ==K B NVEMEH LI FIEOREIE, E0 X5 2B TG L7 mffIc b
HT&5Z2EThD. — 5T, REELT, AEOIFLESCEG - K7 2 bz1T
572, MMS DLk & EATHEEIARAF T 2 ML R OAREE (AF v T A [H]
DOElF) OFBELZITOTNWI &R0, LI A KT 7oOICFEa 2 E < e
LT EBFTLND.

KTHBEIZ, AF¥ v T4 CEDTFEE, FHRAGREICE S FEX Y LEtHHE =
A RPENE WS FRAERS, MMS OETHE KT TICHEERE 2 T &
5. AXx T4 NS FIEE LT, Yang H[43]1%, AF¥ v T A v EORFTA
FN O EDFERAN, SEEEZ MW TRASRERORESZRE Lz, E61T, ki
I (KNN) Bk 287 A0 Mue, SEobiane 7 2 hokrE, F—# LI
DT AL NOHSREATY, RZIZB AT T A L RIC & o THIES M A LR L
7o, SEREFEBRTIL 94%LL D Completeness, 95%LL £ Accuracy, 91%LL L@ Quality
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R L7z,

Miyazaki &[44]1F, [0 124 1279 L 512, A% v T4 v & MH LEERICE T2
OB A, SRR EOFmEE oMM FiEERE L. 2O HIETIE, Douglas-
Peucker VE[45)IC L > TAF v T A v LRSI I ELE 1, Bftsy D /i1
PREE & BB BV ORMBIZ RSN TRD a2 2 &Ik D, EREERA
I E R L7z,

Ishikawa ©5[46]i, 125 R T LIS, IRBED MMS mifa g L TAF Y
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Pavement crack extraction results using the proposed SD-GCN model. Top: Original input point cloud samples with intensity information. Middle: Ground
truth data. Bottom: Pavement crack extraction results. The black parts are crack points and the white ones are pavement points.
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(a) BEEEEFEHALIES (b) BoEREEHLZEES
X 2.7 HBEAOBRICLAEMERHOSE

2.1.4 R — R B DR

BOESE AT ICAFE T DA EOEATICR T 2 A — A8, BEsE AR oM
REIKLTFTIEDLAREMNRH 5720, LIBEOWBE ORGSR LT 5. 2 b OEEEOEH
JEDMHE L < R DMHEMICH D, T 2T, BHiEOHGMENS LEVE CRIFZE Tk
150 ) LA EDRIIBIBEDORIR OGN e T 5. EHIT, v /v Fxa— |2 L5 [F—FEH)
DELRE—mEEZOND D, MEOMERINETD. K 28 1R T XIS, &
DHEY) CRIICE DN TV DA, KRFECL s TR —mBRESNDS 2D, U
BEDAT v FNZBIT DixATMOIMHNESG L 72 5.

O 9—x< 0O 20t

X 2.8 B OMERMEIZ X 5 RE— KOS
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215 A¥¥Y 534 DI EE

2.1.6 Tk~ % BIEHE AR OBBMLERIE, EHEOZLICBUE TH DL Z L0 n, G
B A XOEBOKBAVETHD. LoT, AF v T4 1 L TCERIET 4L
ZuEAT 52 EE2RET 5. FBEOAX Yy T4 IR LT, U T 7 4 V4,
T 7T T 7 4 v HF KO Taubin Smoothing[60]% i A L, w872 i b ik & Juet
INT A =B ERETH.

BT T 4 NEIIT T AR ThH—FNVNOELEZHEHH L7 4 VX T
HY, EEOIEN LB EIHEHEIND. TV T T ANV EBEDAF Y T A
DFE B OMEEIIRQAH~Q.6)ICL>»TEHEZLNS.

1
Sl— h - 24
Pi W, § jeir i Dj ( )
m=§;.% (2.5)
JjEi*

1 d;?
h: = S 2.6
J Znaexp( 202> (2.6)

ZIT, MO RES, AT DAY AN K HRE, diidaRi & R
JOBEE, o3 HD.

FTITUT T 4L, EIZEBEND Ty DERET DO TV A1,
R A 2 LTHEALTA T V27 hOFKEBRETAIHETHLHWLNT
WAB61][62]. T T T v T ANBEDAX v T A DD FEEITR(2.7)~(2.9)
ko ThHEZBbND.

Py =p; +A4p; (2.7)
Ap; = Z wy; (B — i) (2.8)
jEei*
Py -2
y=— L_l (2.9)
Zjei*|l’j - Pi|

Z T, plaEsil k?574w&Lm%®Eﬁ,miE bSO I 8} E L]
DJERE, MIA L= 7 ORE, XD RES, wi THEEEIC RS L7z B
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ThHD.

Taubin Smoothing (L2 —/ S22 7 L2 Y o 72X o TR A ZAZ2H0 < FET
HY, EERADRT— VT 7 7 BEANNEX RN O T AW LA T v 750 KT,
Taubin Smoothing & D AF ¥ 7 A > D5 s OEFEITNQR.10)IC L > THERX BN D.

At+1 5t
= +A§: w - 2.10
pl jene l](p] pl) ( )

Z 2T, PHEEIH ONRIBRHT 1T D RUDPEEE, wijlTEA, NOFRIOA T ¥
74/£@M@m, FIRAT—NT 77 2 THD.

BT ANV Z &K 29T 2 EWATOEBEDOAF ¥ T 4 kL ClEAT 5.
X 2.9 @)DXM 1 XA OMEIZ /A ARBNEENLEHTH Y, (b)D XM 2 134
i M AT OBEER KR EWETTH DH. K b7 4 V2 O A{REXK 2.10 &
M 2111787, 2B, {7 4 NVH TIIERBREZOBER 2 R2EHL, 77737
YT 4NRIIZBWCEA=1%, AU T o7 4 ZIZBWTCEe? =01%2H L7-.
Taubin Smoothing (23T, EHw I ZEHEREOW K L LTo05E L, AF—L7 7
7 % A% Taubin[60] D FEERIZ L - TEHH &g CRBbAT v 7O B IZB W T
131 = 0.6307%, #HEEIHIZBWTIEA=—0.6732) ZfEH L7-.

B 2.10 2T X 1 ~Ob 7 4 L Z AR TIE, £2TO7 4 ZIZBNT
FIE AR RS Z LK OFH A XD BESLT 2R ZENHERTE 5. &aD
Ty VIRICERT DL, HULT T4 NEETTTUT 7 0 Tl A
DHE R 5 Z & TR R 540 % — 5 C, Taubin Smoothing T iﬁ/«ﬁi%n‘@ﬁ LT
7. K211 IR TIXE 2 ~OEE b T 4 VX AR T, BB X DRI
L,@%#&X%?/74/ﬂ$&éhfwk.@E@iyvﬁhuﬁﬁﬁék,E
[# 1 OFRERERERIS, WU T T4 NBETTTUT 07 405 ClLi R Y
2.5 Z L TIRMEIRA R 5% —J5C, Taubin Smoothing TIZIk & #ERF L Tz, LA
FORER LY, ABFSETIX, Taubin Smoothing % 20 Bl H T2 Z LIk > TAF ¥
FA R kT 5. 72, Taubin Smoothing Z 3 H L7 IXBHE 2 HEHH T 5.

(a) X1 (b) XM 2
X 2.9 YEEZANFOERIERATHIAITFY L FTA
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BISF7>T«1IE STSSF7>IT«1IWVE Taubin Smoothing

(a-1) 1OLERER (b-1) 1[OERAFER (c-1) 2[EERAER

(a-2) 2ELEREER (b-2) 2[oEREfER (c-2) 4ohERFER
..

(a-3) 10O EAER (b-3) 10[ELEAFER (c-3) 20[EERAMER

X 2.10 X[ 1~DFBb7 « VZEAER

BIOSTF>IT1IWNH STSSTP>TAIT Taubin Smoothing
(a-1) 1[ELEMALESR (b-1) 1EERFER (c-1) 2[EEAFER
(a-2) 2@@%%% ....... (b-2) 2ElEHEER (c-2) 4Bl EFHEE
(a-3) 10@@%%% .... (b-3) 10@@%%% ...... (c-3) 20ElEFHZER

X 211 X2 ~OFEIb7 2 NV ERAER
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2.1.6 HEBRES— FROHME

AR OMMIZB VT, IEUDICRAT Yy VHEEX bR A a2 — Rk

LCHiH L, /—ﬁﬁﬂ%iﬁﬁﬁﬁ%ﬁWwa< ATFIEIZBW I FOFIE
2k — REEET 5.

9, K 2120 K9S, BlEy N —EO#EM[, 1, |NICHY, R
=27 o8 (BlEY—27 8) 2T 5. Ay VHIIL—VFAX ¥ 0
ArEICx L TR CTH B 728, ORI 90 L35, &I, K 21312
AT KD, BN W CTEITIWNE T D R0 b EA EZ I OERIMANC [ )
STAX YU TA U EERL, BRUNCENDBHME LY —7 8% v — FEffia s LT
B9 5. B LIz — REMASESOFITIE, HEOYY FIFEHLCREREHE V-T2
FADRWEITIZEBWTC, ERAANEENDLIEBZLZLND. £2T, ¥— NMEMA
DIFA RO I TR SN TV DA, Rt — MEfi g TEfaplcx s &
WO MEEZFIH L CTRRATD S D% — REM R BAIH T 5. BRI, £5°
B 2.14(@)ZR" T K 91T, MMS A2 E TR O LT )7 I —ERMIFRLy Z & 1T 58Iy
L (RMFZECIEL; = 1.0mE T 5), S DICETHBZERE L TELAZNENDOMHE
BRI 5.

TN T, IO v — RERREAR IR LT RANSAC ZEH L7ZEMR T + v 7 «
YT EATVD, K 2140 T LI, SFHONERED | REV—FNRET .
RANSAC ([ZBWTA VT4 T EHE SN EOEEN D720 KT, v— Rzl
HLZRW. REFETIE, 74 v T 427 DOLEVMEZ 30~50mm & LT, ¥— FA40
HRRET DA TATHOERIL0%ETDH. ZOWMHEIX, 74T 47T D
S DIFENCHIFI Z 5% T 7Tz, A0S BAREST 7 R B TN AT T W& T
by— Rzttt s, —F5T, Eﬁ@ﬁ%am@%ﬁﬁﬁaﬁﬁu%®ﬁﬁv~
R E L TEDGENRD DN, Z60RIXHERE R OMEZRIZHIREINS.

.g\./\%.‘%.E.........Tg‘(:.E.f\:g. EEEEFE: OogiE’é_—.—iE’E
K ¢ = 00000qecccccccccccce

S — R FETE s —R
...\_/\ 73r /\_/...

E—/o8 R o5 o

i B EHEE—Tx N RS BETFOS R4S

X 2.12 EHEEY—7 S0 X 2.13 — FEMAORIE
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EATER I

pooospooccpocccpe [ ] pfr i oocpooed

| 0 >—RMEHESR |

(a) EITEBMNC X 5 BEIRSE

I o o o o 0 o o Vo
AEATENRR .

-

(b) RANSC (2 X % ¥— KA DOHH
X 2.14 EBEEHEHR— FROHH

| I I I

~

2.1.7 HERREDER

HUOEEESAHRT, FRRFAYIZIE H BE 0D @ R DR S 4L, ERRE 7213V bt &
%%, KoT, = FROMDEEREZRE L, BiESSNICmWRZ, s
5 BB RO O NS BB L ook L T\ < 2 LI XV BUEE R & AT .
AFETIE 216 HTHIH Lo — AL, 2THEREMMICEEND L OI2T 5.

HIEBE SR OB OB A X 2.15 (TR T . ALEIZ BV T O HE S R
MO AEZ 7oy FERES, BRPICEY—RRE 7 hE LTHREL (K 2.15()),
%7 a Ly MIZBWT, b —ERHEEEL 2 RSN O %R 3 2 = 1L F— 2 /)
DR, F20E, KOESISHFET DV — Rz foREmMA L LTRET5 (X 2.15
(b). LN HERRMAES D O b b =X NLX —D/NSREMEE, HhT 5718
YhEHEERL, FileeTvn s hELTRET DS (K 2.15(c). 72720, ¥— RRDEE
el & LCHE SN TV DAL, £0Y— REEERMCHERT2 (K 2.15
(). YLD Z S TH 7 a2 MW TERHEM SN D E TR RS Z &
CHOES SEMRR A AT 5.
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WO AXy L TA O EIEEIZ S < MMS SR D 00 BIE 52 Ak
N

Pt OB T, £, 216 10T X9, 7ur hMaeiEL LT
RIR DR ST Al & — B d B T AL 7 D PRI IS & £ D MBS 2 US4
. 7272l SiE, P R SONSARE O R EBR<S 720, L O S — E
DR [T s Tomae )P DV, 230, IBHEIZKFT DA /0T - 7T 7 2E GhfiEi
HEEO—HE) ([ZEVANEL R b To iR T 5. AFETIE, d=05m, r=
0.25m, 1, ~=6.0~10.0%, 7, =110& L7

[0>—R& (JOXN) | © IEHHRMA
o 00 o/ \—ofopo———ofohootopo———ofopo—/
(a) FIHIRAR (b) BEREAEM R DERR
—TEEHERD

J0O> NMIRE - .
. P — PleaE ) C RZ\C DO hEER

! \ OO 0=
() B/NTRNX—E R OBEREMRE
7 u v MZEBM
Lo‘o‘o—o‘o-o—o’o—o‘o‘o—’ BOOmO=O=Om= OO OO OO O=O=O=OS
ofojo  ofopo [ OfOhO-,  =0=0=0=0=0=0=Q H=0=0=0=0=0=0Q
(e) BEMEM R DERERE D b B AE D

d) 7a v hDOER

(f) HEZLSEARRDERL

BMUIRL
X 2.15 EBEEEFBROER
RRBFSs
o o o7
IR © M
RYEr
® [ ]
° o
B/

BEZAL
X 2.16 EREMSOER

42



F2F AX v T A OEMERHHICIE-S < MMS SEED & O HIE BT AR H
AR el

ZLT RRINICE-STEHEZOND 3 ODTRAX—DEB T ENR/NE 2D
ng % f OREREAT A & T 5.

ne = argegnin{aEb () + BE, () + YE, (D)} (2.11)
&5y

ZZTC, Ep(), Ep(), E,(DILARICIIT D HHEOHHE & ACE 1 LU E
MOMAEEIZE DRV F—, a, B, yIIFEZRNAX—IKTLEATHY, RiF5E
T, a=1.0, B =50~10.0, y =20.0~25.0& L7=. K= x ¥ —FX(2.12)~(2.14)
WL > TEHRTD.

pi_.up

E ()= -——" %

b (@) % (2.12)
E, (i) = IAHZ(i)I 2.13)
(@) = 2220 2.14)

ZIT, uyB LV, 3BT REESICR T DB E O ER LU ERAETH 5.
AG, (DB L TVA0,(DIE, RREiL T7a Ly M EDFESZRT b v EIREFERY R v,
L DREFHMOAEZE D SR E ST M OAEZETH D, REF M7 Myl K
217 BLOKQISHITRT L 91T, 7 b & HEEE R BB 2 g, hEH
W22 ODDFEGFNRT M Iwy =P —Pg, Vy =Py — PR PESFEFNE LTERT .

v, = av, + by, (2.15)

ZIT, aBXUOBIEARATHD (RFFETIZa=07, b=03LT2). HEERME
AR ORERCRDN 3 HATHROGE TH Y, MR g, hDMFE LW EIEL, BI{EOEIE
B FURARR D > — RS BUGHFO RANSAC (2 & » THEH SN 724y 0 J5 18 33 J5 1)
X7 M LT 5. SREEEGERVGAE, HERENBIMLE A T T 5.

BT, FRfh & B 2 o D BERE R EMR A HIRT 2. £7, —TERIUTO
BOEBE MR A HIBRT 5. kiZ, Bl R EOBE oMYk T 5 HIE S A
AR 272002, K 218 1R T X 912, HuEE R e Lo —E o2 (g
w5 KOG S hyy LA & S hyp Kili) 12— E 8, UL EOSHERFET 53581%, £OHE
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BRI AR 5. & 51T, BRIV THI S U7 s s SR £ B4
%, ZORET, 2.19 1R T L 91T, HIEBESYRMIBc DAL & Fcar U O ET TR
MR S A RS SRR D, o BOESE BRI & RZT D856, caHIBfRT5Z LIc k01T
I ARFZETIL, BEELP Y AT LG L Cr, = 1.0 ~2.0m, w; = 0.2m, h;; = 1.0m, h;, =
2.0m, 7, = 1000DfE % V7=,

BREAME v,
V1
V2
D Ps o>~ Ps

2.17 K¥EHMB K UGRETT W OAER(L

$E ELTENER
O—0 =R o—
=8 R
- AL
St BRSO
IRFHR H /B2
2.18 HLE LI HIRT D X 2.19 HEROBEEREFEMROEIER

ELESE BB O HIER

22 HERFKROHMHER

2.2.1 RERAT—4

FREFEBRTIE, B0 5705 MMS (ZxT D IRE TIEOMTEREZ FF 35
72012, TR IX N IZ 330 T 3D Laser Mapping #:54 MMS [ Street Mapper 360 [63]

(M 2.20) & =zEEAEAR MMS TMMS-X500ZL ) [64] (X 2.21) (2 X » TR CEK %
S LT — 2 2 Lz, 7 EREEO 2RI L2 E T3 5 72012,
Street Mapper 360 |2 & > CHUfG L72FLIR T AEXNO T — & S H L7z, AL T ORREE
A MIJIET X 0 BaMEWEBICH D, H Lz MMS OFLEE & B L7z S f o
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WO AXy L TA L OEMETRIZ RS < MMS SR S o HE B Lk
VNG

BEEFE 2112, BHWEEY A FOBEBEILEZ £ 22 ([T, ek, DR TI) IR
£ X % Street Mapper 360 (2 X > CRHAl L7727 — X137 —# A, JIIGHRAEX Z MMS-
X500ZL IZ X > TR L7277 — #1137 —% B, ALK AR L 77— & 1E7—4% C
ET5. T—% A, B, CENENDREITHK 1,800 74, 5,700 Ji L, 1,700 T TH

277,

(a) MM #81 (b) BUGREE
2.20 Street Mapper 360 D/ 81 & Fufs S &E

(a) MMS 5181
X 2.21 MMS-X500ZL D48 L Bis SRk
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F2E AXx T4 OEMEFMIZIES < MMS B D O BLESL SRR
ENEi S
#& 2.1 MMS DLtk & B R OBEE
MMSZFR Street Mapper 360 MMS-X500ZL
HE=tt 3D Laser Mapping =B
L—HXFvF RIEGL VQ-250 (2&) Z+F Profiler 9012 (18)
- I TAMICK U T45E | - Bl T AMIC UL ToOE
L—HXFvF (YawAFmE) (EISIERT 5 1E)
HEAE - FAMEIC40E - FAMEIC20E
(Pitchf&757) (Pitchf751a)
LTIATYT i o i F492.2m
HEES
JULRL— 200 kHz 1016 kHz
AExv>L—b 100 rps 200 rps
« AF v FETOREICT - AF v FETORE(CT
_ #10mm #3mm
=] _ -
c AF v FETFHS5m - AF v FETFHS5m
BN ZHE (CTHI35mm BN =HE(CTH16mm
BRAKI110mm BRAHI50mm
AF v SRR (MMSEHRIBFDRAREE  |(MMSEHRIRORARE (&
#940km/h) #940km/h)
* 2.2 BREEY A b OEREE
sHRI X JINRFT AR A X ALRMAEX
=R #600m #7600m
ESHREL 2ER4R 2EEfR - 3EEAR
BE #910m #7.5m~#J11.5m
o Yal= Ty #200mm #980mm~#J170mm
222  FMEAE

BHEIAFSE (Kumar 5[65]72 L) TIALEH 4T % Heipke D FiE[66]% i L T
TR R 2 C BT 2. ZOFHETE, EMT—22@A 0T, il L-fEsER
#rO(LARE, T — & EPES) ZRHET 5. AFHE T, EffT —% % FENC TER
L7z, 728, EffT—X1%, SEE»O B CHER T 2578 W TER L, Hiljo
BAIREDE I N— g L TIERERL L T Ru.
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PR, TP_ v PP,
;2 N ﬁ c WET—5 |
------------ ~ n |
FfR>=—4 < ~~~~~~~~~~ ’I ..--& """"" ET‘:;/-——'
7 \ . R —% FN

I\ T 708 wy,

X 2.22 EEFMGE

4 2.22 \ZRT X9, EMT—F0nb—ERw, 2 FFo Ny 7 7 ICEEN ST
— % % True Positive (TP) & EFK L, /N> 7 7 OIMUOHH T — # % False Positive (FP)
LEFRT D, £z, T —Z 0D EEROMEW, ZFFo /Ny 7 7 OIMNZ B D IEET — X
I False Negative (FN) & L CEHRT 5. MBS OTESME, EfrE, S8, WHE,
Xy v 7 BB LOEHT v v 7EEXQ2.16)~Q2DIC L - TERINS.

TP
o _ 2.16
et “TTP+FN (2.16)
TP
M __rr 2.17
et P=Tp+Fp (2.17)
TP
X - 2.18
i 9= TP fFP+FN (2.18)
l 2
i1 azfiﬂWJ (2.19)
1
~ o n
¥y v T g== (2.20)
n .
_ i=1(hy) (2.21)
n

By v IR

I CAIFEMT =2 Ny 7y NIZEENDIFH O T — & & ORAERBET

HY, NIy 77 RNIZEENIHMET—2HTh 5. XQRIYDKFEIL, Ny 7 7HNIC
nIEfET — 2 DN 7

EENDIHT — & L EfRT — & & ORON-YHEREE £ T
7 ODIMUNZ B 2T — 2 DX TH D, hIIIERT — 2 DOy 7 7 OIMANZ S i

ZHOHET -2 DESTHS.
IS OFHMMIEREIL, Ny 7 7 iBw, DA RE 2T H72D, w,OmEEI7ZR5REMN

M THD., Ny 7 7iEe LT, BEHEMZED Qui H[36]iL 200 mm, Gézero H[47]i%
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50mm, Kumar 5[65]1Z 100~500 mm OFiFHOBEEOMEZEA L T\ 5. KL Tliiw,
Z 10~100 mm £ TO 10mm = & OfE % Fv Tl HPERE 2 5741 L 7=.

P, BHREOHELMAT 572012, MooRbv Ity —% B L OERET
— % LT 10mm FFR CRAESEAAFHRICEN Lz, 72, oo, fits
— &% MMS EITHIMOLES Z L ilka, B0 T, RESICHEL, EBNCA N
BIEAREM LIz, ok, BAOOERBEH (B0 T E&AOE 0 &b ofy) 13k
Aib e UTRIHIE L, #EWrAREH OB ) TIFEIEARRZ A & U TR L 7=.

223 HhH R & 5

T =45 APD CITKT 2 HIES RSO LR RO SKM & BT — 2 %X 2.23,
2.26, 229 7. £, &7 —F O T — % DILKRXE X 2.24, 2.27,
2.30 12/~

MRS RORIRK & EfT — 2 L0, ZEAT TOERI—HEOND B DD (4

2.30 fid), 1EfET—& LARMICIZIZIZRBEO EEREREZ M TETWnAH Z &N
bbb, K 224 (@) (b) ZETTRTEOREIOEI FALYY T, £z, K
2.24 (c) I 2.27 (d) (TR T LD BRAZEFELANANA 22 LD MMS D ETT 511
AT TROVEIFNCE W T BER AR A TETnd. 51T, fiHFROARE
KIZROHND &5 7R ZEOERKIZB VT, MMS OAE{THER & SO BLE TR
BMEMHTE TR, BEFEITEBEEOBEVTEIRE TH S &V 5. -, K 2.27
(c), K 2.30 (d) (ZRd & 9 ZRMERIC X 20725 OMERL X B\ C b HhE b
RMAEHHTETCND Z R0 D. 0k, RAERMBIZBWTIL, StreetMapper360 2>
S U= HEEE RO )7 73 MMS-X500ZL O HLES AR L 0 b EL R 5EmIcH Y,
X, VP ARy T OREAE L EROERIZLDZEDTHLEEZLND.

Ny 77 K% 50mm & L7258 OMHERROERIHMIRER E LT, &7 —% O
H7 — 2 oA EEK 2.25, X 2.28, X 2.3112, #ITHMOLEL Z & OXFNE
AR 23MMDR 25IRT. T—HF A LT —% BIL, e, B, SENER
T98.8~99.5% TCho7-. 7 —# Clx, 2otk EffEt:, WENSEKT92.9~95.8%T
Holo. U0 FIFEIL, A EREOMELER L. —FHT, RERITIKRELA
—7LTHEY, BALHELRNI LMD, AU T Lvseett, ErfE &
BEWMEL 2B & 7r otz T—4% ClE, RESJEDIZEBWT MMS EfTERR ISR
HREEROBATMHLEETE TV D, ZOAMOMBMEREMEN =D, T—% C
X7 —% A, 7 —4 BITHAT, HAMHERENMELS eolo B X DD,
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HoE AX oy T4 OIS < MMS SR S o BE B R
N

(a) FHBEFHRO 2K

(b) Z2REFR (FEHEER) 028K
X 2.23 F—& A QBB TSR
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H2E AX T A OB < MMS SEED & O HLIE 5T AR H
AR Sef

on BT

(b) 819 T

(c) AZSER D Frr—va v
X 2.24 T—% A QOEERIRMHEROIERK

X 2.25 F—# A OBEEERBHHEE
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HoE AX oy T4 OIS < MMS SR S o BE B R
N

(a) FHBEFHRO 2K

(b) Z2REFR (FEHEER) 028K
X 2.26 T —#& B OEEL TSR
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F2E AXy T OB < MMS SRS O BUEEL SR
AW 7w

(c) BEELIC L BB ARG (d) RARRA
X 2.27 T —# B OEERERMHEROIEREK

X 2.28 F—# B OBEEEFBHHEE
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HoE AX oy T4 OIS < MMS SR S o BE B R
N

(a) FHBEFHRO 2K

(b) Z2REFR (FEHEER) 028K
X 2.29 F—#& C OEEL TSR
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AR Sef

(b) B1D FIFHER

I ] DERL

(c) RERED (d) MBI X B8 EREH
X 2.30 T—# C OEERARMHEROIEREK

X 2.31 F—# C OBEEERBHHEE

54



F2F AX v T A OEMERHHICIE-S < MMS SEED & O HIE BT AR H
AR el

FEEIXT—4 A 28 102~232mm, 7—4 B ¥ 10.8~17.5mm, 7—% C % 13.3~
20.7mm & 72572, RAEROEE IIHEASCT Y TTFXVIKRTTa2HmE o7 Fv v
THIXT—4% A, B, CTENENIL6, 17, 89 ThHhoto. iz, Aty v 7RIZT
—X A, B, CZNZEINT83m, 7.0m, 54.6m Z/rL7=. £/, BT —XDOEKOE
SFT—% A, B, C TENZEI953m, 947m, 1138m THo7-.

10mm 7>% 100mm £ TONy 7 7IRICEBIT 5588k E G5 v v 7 EEK 23212
Y. 7R, EREMEE WEIXEEE EFEEROENERL, Xy v TRIIER Ty v 7
FRLREEOETZR L. T—4% A & BIZBWTIE, 2Ny 7 708 50mm Pl 2B W T
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AR D OBERE IR 28K - BIRABE O MVF—2 i) 55 AL TV S.

92



i

1ty
=113
E:
w
N
R
S
;&
=

AR el

FAE emESRORE

4.1

ABFFETIE, MMS (2 & o THUS U7z il & BTN © O BB Uil H 15 L E

HHEGOMEFEDORMIE L B E Lz, BRI, Mo —fREKEZxZ L LT,
2Fx v T A O & B A A2 HOE BGRB8 & 2 #UE SRR OH
FELREL, EEREOERKICBWT MMS ZET3E5 2 L TG LT =2 2 v
TREOENEETA L. £z, ERODEZLIALORN v bR —/VEOTEIBAE S
EOVENFEORIRIMIEG 2, A% ¥ T A OIFBEEITEAS UV THEE L 72 IEH &
P b DOEIREN B2 L T PAT —Z 2T 52 FEZREL, MMS B
/T —2 2T, HhvEeee Bk R 2 7k L 72

KL TRONTmE TN TN TRICE LD D.

(1) MMS SHICBIT ATy T4 VOBIMELZHGEH L T, a0 THEHOT

Uity A JEIE S 2 BB R A M T 5 AIEA B Lo, BEERRSE & bl U 7o $R R
FIEOREIL, HAOEY NFEZZROMBEBEREL, L—F A%y T
DB MR EIZ X DA OB EZZTIT WZ ETHD. =%
FETIE, £7, FHAL A ALHESE YR ORFRRCHEE DR 22 1T12< <
T, NY—RBEORNE Ax v T A CORbEITo7. 612, A
XX IAUNOEB LA ROBHEIZESWNT, BAMOREEZEZLILD
= RELAHH L, — FE D BEERE RO AT BT 5 2 LIk &
WEFR AR L. EEERTIE, L—F 22Xy FOBBEHCREBMAED
72D MMS Z#EH LT, MMS & 2T ADEWNT X Dkt 2 36m L7-. £7-,
RS D72 HHIKIZHB W T HEUNCIREFIENIET 208 Lz, /5%
LT, BEED/NESWAETIY NP ER0AZ 2R 72 STV T h a2
M TED 2 &Ml L, 52tk B, BIOWET 92.9% ~ 99.5%, &
T 10.5mm ~ 19.6mm OKERE Z R L7z,

(2) MMS SR BIERELEIZHB T 2 D7 H|NACR v bR — VO TEHBE S

E O DEINE DRI E 2 X7 N F—& & UTHIHT 5 HIEE2 R LT,
RO AT & bl L7 R FIEORMIE, H—0 7 L—AU— 7 2 L CHElk

93



H
S
11t

.
5
r\r
N
veN
S
g%
=

AR e

4.2

AL BORAE S 2 T T X, fix e A — L MR IR & R o B 2 it T
XHZLThD. BEFETIE, KEICBIT HEEO R 2 #4462
72 3R T 4 v T 4 IR0, BEEOREE ST  WIEF S m OH#E
EFEERS U, sEsAEE ORI L B ORE 2 £ HEIE 4 (15 L7 fElk
RFEERY 22 Uiz, EREFHMI O R, ToU 1% 802% & #m L, 5biiz
FEIAEGE AR Y 2N K o THEIBABE OTFERATCIAA Y, /A0 O R 23 A
BETHZ LaMR L. £, HEORS ZRTHEIEL (5 LRI
RV IA 2 LTz, EEIHMNORER, Recall, Precision, RMS [XZ#LE 1
90.7%, 97.0%, 10.0mm %L L, 155N FUREHEE R Y 74 12 Ko TRtk
BB E OIFAEE TR OB+ T2 D 2 & R L.

SHRDORE

WL TTIRE LI FEOFEMMEZ SO L 12D O A LU T ISR~ 5.

1)

)

®3)

(4)

M L- BB AR ) 74 VAT — & L3 5121%, B Sz H
EBEROBEREZ MM L0, b MMS SR GBS LT HiE K e
COEERERMARY 74 L EHETHHNERDD. Lo T, HEOBESRR
WY TA L EWHET DFIEORBRULELRD.

ERE MK O 5 BRI ZIXF AT I v 7~y FITBWN UL, dEER (B
AR THESNA~DOT 7 AR EEEEE LTET Ak o TV DL K
SCCHI L2 HEBE R A e T — % & LUEHT 5720121, a8k
EOEY FiF &2 BEEE L, BERRARY 74 SCHEENA~OT 72 A E
M E LT ENEE L.

BB T, TESIC L TALT 2 BOEE R RHE L C LB Y 5
AVEHRESEHL TS ZENRRAARTHD. LT, HEERREY Z
SRR LERBICHNT, BEEREA I L, 25Mbx BB 5 & 3
o, BB Y T4 R EHT B TR AT A UERD D,

B S OB G IRV T, B U7z S ds L OWRIRAHE 5 2 1IEH S
HeiH 7> b DISIRZENL B2 WAL L7 difg 2 D COE Rl L7z, X0 ERElchh
PR 2 RN 3 5 72 0121, EBUIGIZI UV THlLE b — PRI 72 & & IS
L, EEaHlis 2 ENEE LV, £, BB EG ORI E MG % & &
g5 ERMETHD.

94



i

™
1
;ﬁ
=i
ExDg
w
N
S
S
i
i

AR el

(6) EHEELGOMMBIZBWTIE, THRESMOERMEREHEEZFZIT L2012, £
R BV CEARER OBE L2 L, [EROBERE 2 T4 5 FEOH
NN TH D

95



2% 3k

[1]

[9]

W EFEESBRERIRIDR A E, TERITSHE - o— R~y 7 ZhE TOmR
HLE A D ITS WA DO AR 2 7571, https://cio.go.jp/policy-transport (i #&
H : 202345 14 A)

(= PR, R g SR Y1 b, https://www.gsi.go.jp/kiban/ (FHERIE H 12023
#5H 14 H)

WREER G, [HEERAWNE &M O EMHEZ |, https'/www.kensetsu.metro.
tokyo.lg.jp/ jigyo/road/kijunten/dourokanri0054.html (FH&RHE H : 2023 45 5 H 14
H)

FOR B AL E R 2 Y — o7 A, THENET Y AT AT I T — Z R~ D
% Ver.1.1], https://www.sip-adus.go.jp/rd/rddata/rd04/103a.pdf (F#&MHE H : 2023
#5114 H)

HERE, 'HERE360 news - HERE introduces HD Live Map to show the path to
highly automated driving], https://www.here.com/learn/blog/here-introduces-hd-
live-map-to-show-the-path-to-highly-automated-driving (F#&R% H : 2023 45 A
14 H)

TomTom Maps, HD MAP|, http:/download.tomtom.com/open/banners/HD-Map-
Product-Info-Sheet-improved-1.pdf (F#&FHEH : 202345 A 14 H)

2w, NEEEFHAH 2021 |, https!//www.mlit.go.jp/road/ir/ir-data/tokei-
nen/index.html (B #&BI% H : 202345 H 14 H)

BAFTI v I~ 7T Ty b7 x+—2KAE4, TEHEE 3 R T —%HD ~
)], https!//www.dynamic-maps.co.jp/mnews/2021/0407_2.htm]l (F#&H%E H : 2023
#5514 H)

EAERS, TMEERITSHEIE - o— R~ v 7 2020) (&% H 2023455 H 14 H)

[10] AUTOCAR JAPAN, https://www.autocar.jp/post/900117 / (FHEFIEH : 2023 4£ 5

H14 H)

[11] A% AEEE N B AE R 22, https//www.road.or.jp/ (B #&HE& H : 2023 45 A 14 H)
[12] — At FE N AeiE S S F S, T8 oMMk, httpsi/hoso-jigyo.or.jp/

cms/wp-content/uploads/2020/09/jirei_08.pdf (FA&XH'EH : 202345 H 30 H)

96



[18] —MxFEHE AN B ARREGR EH A2, [EREOBUR — 4. B 7@] https//www.
nikkenren.com/publication/handbook/chart6-4/index.html (FH&HEH : 2023 4 5
H 29 H)

[14] E t7x22@m4, b o~ A2 b, httpsi//www.mlit.go.jp/common/
001145725.pdf (RA&MIEH : 202345 H 14 H)

[15] A HER R R, TEKOE R, httpsi//www.kensetsu.metro.tokyo.lg.jp/jigyo/road/
kanri/index.html (REAMA&BEEH : 2023 425 7 14 H)

[16] B LA mEE kR, [k S EeHE |, https!//www.mlit.go.jp/road/sisaku/yobohozen/
tenken/yobo28_10.pdf (&M% H : 2028 4-5 H 14 H)

[17] AREHENEN B AGE R e, " AL 31 FEEAR Sl - SUBRIEMERD, AAEEA
HAER =, 2019.

(18] & LFnth, popTiEEE, $EVESE, ARB—, R —IL, “malBss RIS < m
777 AT ORMEL EOMGEGE, tARTSWmICE E1 (BT |, Vol.71, No.3,
pp.I_9-116, 2015.

[19] B +A8m, REEELERICTTEOOLBOBRAERE - EHI AT L0H D FHIC
B4 23Rk MERFE PN PRk 30 4RE5E 1 M) HERPE PRICRE 2 BUIR & i ),
https://www.nilim.go.jp/lab/peg/img/file1727.pdf (FHK&EI% H : 202345 H 29 H)

[20] NIEIE TR, TEEER A L 737 —2 7Ty N7 +—LOWEE, 7 FHEFFERIC
B9~ %15 |, https://www.cas.go.jp/jp/seisaku/kokudo_kyoujinka/5kanenkasokuka/
pdf/kakutaisaku4.pdf (&R H : 202345 H 29 H)

[21] RIEGL JAPAN, T# i {E# - RIEGL VZ-600i] , https://www.riegl-japan.co.jp/
product/ terrstrial/riegl-vz-600i.html (FA&BI%H : 2023 425 H 14 H)

[22] Leica Geosystems, [Leica Pegasus:Backpack & &R OB &R M), https//
leica-geosystems.com/ja-jp/products/mobile-mapping-systems/capture-
platforms/leica-pegasus-backpack (FH&FI%H : 2023 425 H 14 H)

(23] 7 T iRt &S 7 21— K, httpsi//www.ajiko.co.jp/dl (AR H
202345 H 14 H)

[24] H. Guan, J. Li, Y. Yu, C. Wang, M. Chapman, B. Yang, “Using mobile laser scanning
data for automated extraction of road markings”, ISPRS dJournal of
Photogrammetry and Remote Sensing, Vol. 87, pp. 93-107, 2014.

[25] GDAL, https://gdal.org/tutorials/gdal_grid_tut.html

97



[26] M. Cheng, H. Zhang, C. Wang, J. Li, “Extraction and classification of road
markings using mobile laser scanning point clouds”, IEEE Journal of Selected
Topics in Applied Earth Observations and Remote Sensing, Vol.10, No.3, pp.1182-
1196, 2017.

[27] N. Otsu, “A Threshold Selection Method from Gray-Level Histograms”, IEEE
Transactions on Systems, Man, and Cybernetics, Vol.9, No.1, pp.62-65, 1979.

[28] PCL, Region growing segmentation, https:/pcl.readthedocs.io/projects/tutorials/

en/latest/region_growing_ segmentation.html

[29] J. Guo, M. J. Tsai, J. Y. Han, “Automatic reconstruction of road surface features by
using terrestrial mobile lidar”, Automation in Construction, Vol.58, pp.165-175,
2015.

[30] O. Ronneberger, P. Fischer, T. Brox, “U-Net: Convolutional Networks for
Biomedical Image Segmentation”, International Conference on Medical Image

Computing and Computer-Assisted Intervention, 2015.

[31] C. Wen, X. Sun, J. Li, C. Wang, Y. Guo, A. Habib, “A deep learning framework for
road marking extraction, classification and completion from mobile laser scanning
point clouds”, ISPRS Journal of Photogrammetry and Remote Sensing, Vol.147, pp.
178-192, 2019.

[32] L. Ma, J. Li, Y. Li, Z. Zhong, M. Chapman, “Generation of horizontally curved
driving lines in HD maps using mobile laser scanning point clouds”, IEEE Journal
of Selected Topics in Applied Earth Observations and Remote Sensing, Vol.12, No.5,
2019

[33] PCL, Removing outliers using a StatisticalOutlierRemoval filter, https:/pcl.

readthedocs.io/projects/tutorials/en/latest/statistical_outlier.html

[34] M. Soilan, B. Riveiro, J. Martinez-Sanchez, P. Arias, “Traffic sign detection in MLS
acquired point clouds for geometric and image-based semantic inventory”, ISPRS
Journal of Photogrammetry and Remote Sensing, Vol.114, pp.92-101, 2016.

[35] H. Guan, W. Yan, Y. Yu, L. Zhong, D. Li, “Robust Traffic-Sign Detection and
Classification Using Mobile LiDAR Data with Digital Images”, IEEE Journal of
Selected Topics in Applied Earth Observations and Remote Sensing. Vol.11, No.5,
pp. 1715-1724, 2018.

[36] K. Qui, K. Sun, K. Ding, Z. Shu, “A Fast and Robust Algorithm for Road Edges
Extraction from LIDAR Data”, International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences, Vol. XLI-B5, pp.693-698, 2016.

98



[37] M. Fischler, R. Bolles, “Random sample consensus: a paradigm for model fitting

with applications to image analysis and automated cartography”, Communications
of the ACM, Vol.24, No.6, pp.385-391, 1981.

[38] A. Hervieu, B. Soheilian, “Semi-Automatic Road/Pavement Modeling using Mobile
Laser Scanning”, ISPRS Annals of Photogrammetry, Remote Sensing and Spatial
Information Sciences, Vol .II-3/W3, pp.31-36, 2013.

[39] J. Hernandez, B. Marcotegui, “Filtering of Artifacts and Pavement Segmentation
from Mobile LiDAR Data”, International Archives of Photogrammetry, Remote
Sensing and Spatial Information Sciences, Vol.38, Part 3/W8, pp.329-333, 2009.

[40] B. Rodriguez-Cuenca, S. Garcia-Cortés, C. Ordéiiez, M. Alonso, “Morphological
Operations to Extract Urban Curbs in 3D MLS Point Clouds”, ISPRS International
Journal of Geo-Information, Vol.5, No.6. 2016.

[41] D. Zai, J. Li, Y. Guo, M. Cheng, Y. Lin, H. Luo, C. Wang, “3-D Road Boundary
Extraction from Mobile Laser Scanning Data via Supervoxels and Graph Cuts”,
IEEE Transactions on Intelligent Transportation Systems, Vol.19, No.3, pp.802-
813, 2018.

[42] Z. Sha, Y. Chen, W. Li, C. Wang, A. Nurunnabi, J. Li, “A Boundary-enhanced
Supervoxel Method for Extraction of Road Edges in MLS Point Clouds”,
International Archives of the Photogrammetry, Remote Sensing and Spatial

Information Sciences, Vol XLIII-B1, pp.65-71, 2020.

[43] B. Yang, L. Fang. J. Li, “Semi-automated extraction and delineation of 3D roads of
street scene from mobile laser scanning point clouds”, ISPRS dJournal of

Photogrammetry and Remote Sensing, Vol.79, pp.80-93, 2013.

[44] R. Miyazaki, M. Yamamoto, K. Harada, “Line-based planar structure extraction
from a point cloud with an anisotropic distribution”, International Journal of

Automation Technology, Vol.11, No.4, pp.657-665, 2017.

[45] D. Douglas, T. Peucker, “Algorithms for the reduction of the number of points
required to represent a digitized line or its caricature”, The Canadian Cartographer,

Vol.10, No.2, pp.112-122, 1973.

[46] K. Ishikawa, D. Kubo, Y. Amano, “Curb detection and accessibility evaluation from
low-density mobile mapping point cloud data”, International Journal of
Automation Technology, Vol.12, No.3, pp.376-385, 2018.

99



[47] L. Gézero, C. Antunes, “Automated Road Curb Break Lines Extraction from Mobile
LiDAR Point Clouds”, ISPRS International Journal of Geo-Information, Vol.8,
No.11, 2019.

[48] H. Oliveira, P. L. Correia, “Automatic road crack segmentation using entropy and
image dynamic thresholding”, 2009 17th European Signal Processing Conference,
pp. 622-626, 2009.

[49] H. Zhao, G. Qin, X. Wang, “Improvement of canny algorithm based on pavement
edge detection”, 2010 3rd International Congress on Image and Signal Processing,

pp.964-967, 2010.

[50] A. Ayenu-Prah, N. Attoh-Okine, “Evaluating pavement cracks with bidimensional
empirical mode decomposition”, EURASIP Journal on Advances in Signal

Processing, Vol.2008, 2008.

[51] H. Maeda, Y. Sekimoto, T. Seto, T. Kashiyama, H. Omata, “Road Damage Detection
Using Deep Neural Networks with Images Captured Through a Smartphone”,
Computer Vision and Pattern Recognition, 2018.

[52] i B A EHE R AR A, TR kM - 3 WAEGHE O BGLARIL), https//www.c-
nexco.co.jp/ corporate/safety/torikumi/torikumi/vol04/ (FH&BIEH : 2023 45 H
31 H)

[53] D. Zhang, Q. Zou, H. Lin, X. Xu, L. He, R. Gui, Q. Li, “Automatic Pavement Defect

Detection Using 3D Laser Profiling Technology”, Automation in Construction,

Vol.96, pp.350-365, 2018.
[54] M. R. De Blasiis, A. Di Benedetto, M. Fiani, “Mobile Laser Scanning Data for the
Evaluation of Pavement Surface Distress”, Remote Sensing, Vol.12, No.6, 2020.

[55] B. B. Van Der Horst, R. C. Lindenbergh, S. W. J. Puister, "Mobile Laser Scan Data
for Road Surface Damage Detection”, The International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, Vol.XLII-
2/W13, pp.1141-1148, 2019.

[56] L. Breiman, “Random Forest”, Machine Learning, Vol.45, pp5-32, 2001.

[57] M. Zhong, L. Sui, Z. Wang, D. Hu, “Pavement Crack Detection from Mobile Laser
Scanning Point Clouds Using a Time Grid”, Sensors, Vol.20, No.15, 2020.

[58] P. D. Rio-Barral, M. Soilan, S. M. Gonzalez-Collazo, P. Arias, “Pavement Crack
Detection and Clustering via Region-Growing Algorithm from 3D MLS Point
Clouds”, Remote Sensing, Vol.14, No.22, 2022.

100



[59] L. Ma, J. Li, “SD-GCN: Saliency-Based Dilated Graph Convolution Network for
Pavement Crack Extraction from 3D Point Clouds”, International Journal of

Applied Earth Observations and Geoinformation, Vol.111, 2022.

[60] G. Taubin, “A Signal Processing Approach to Fair Surface Design”, ACM Computer
Graphics Proceeding SIGGRAPH '95, pp.351-358, 1995.

[61] O. Au, C. Tai, H. Chu, D. Cohen-Or, T. Lee, “Skeleton Extraction by Mesh
Contraction”, ACM Transactions on Graphics, Vol.27, No.3, pp.1-10, 2008.

[62] H. Yokoyama, H. Date, S. Kanai, H. Takeda, “Detection and Classification of Pole-
like Objects from Mobile Laser Scanning Data of Urban Environments”,
International Journal of CAD/CAM, Vol.13, No.1, pp.1-10, 2013.

[63] I. Puente, H. Gonzalez-Jorge, J. Martinez-Sanchez, P. Arias, “Review of mobile
mapping and surveying technologies”, Measurement, Vol.46, No.7, pp.2127-2145,
2013.

(64] ZHEBHIRAAH, [ZHE— L~y BV VU RT A HHIE GPS BBIFHIER) |
https:// www.mitsubishielectric.co.jp/mms/tokucho.html (F#F% H : 2023 4£ 5 H
31 H)

[65] P. Kumar, C. McElhinney, P. Lewis, T. McCarthy, “An automated algorithm for
extracting road edges from terrestrial mobile LiDAR data”, ISPRS Journal of
Photogrammetry and Remote Sensing, Vol.85, pp.44-55, 2013.

[66] C. Heipke. H. Mayer, C. Wiedemann, O. Jamet, “Evaluation of Automatic Road
Extraction”, International Archives of Photogrammetry and Remote Sensing,
Vol.32, Part 3/2W3, pp.47-56, 1997.

[67] H. Edelsbrunner, D. Kirkpatrick, R. Seidel, “On the Shape of a Set of Points in the
Plane”, IEEE Transactions on Information Theory, Vol.29, No.4, pp.551-559, 1983.

[68] ASTM, “Standard Practice for Roads and Parking Lots Pavement Condition Index
Surveys, D6433-07”, ASTM International, 2008.

[69] OpenCV, [Z DD E#ZEH#L | | http://opencv.jp/opencv-2svn/cpp/miscellaneous_
image_transformations.html

[70] M. Weinmann, B. Jutzi, S. Hinz, C. Mallet, “Semantic point cloud interpretation
based on optimal neighborhoods, relevant features and efficient classifiers”, ISPRS

Journal of Photogrammetry and Remote Sensing, Vol.105, pp.286-304, 2015.

101



[71] Y. Eldar, M. Lindenbaum, M. Porat, Y. Y. Zeevi, “The Farthest Point Strategy for
Progressive Image Sampling”, IEEE Transactions on Image Processing, Vol.6, No.9,

pp.1305-1315, 1997.

[72] E. W. Dijkstra, “A Note on Two Problems in Connexion with Graphs”, Numerische
Mathematik, Vol. 1, pp.269-271, 1959.

[73] R. C. Prim, “Shortest connection networks and some generalisations”, Bell System

Technical Journal, Vol. 36, pp.1389-1401, 1957.

102



T

ARaw %, ALHRE R PR FEEERE A TR o X T AMEWE 7 HUE LR AR 2B 0
TAT TR E L L Db D TT. WXPEICHTZY, RELI OG220 ZTHEER
BN hEIEEE Lz, 20840 THO TELHE L LT £

AREROFREZBUMEBRICE N E LOL, BEHE L L TAMEOZITICHT- Y
%< OIFHZEIN TV R E, 2L OHBRSORRICE TS 2 Wiz &3k, W%
DIIEFICEL ETTHICTHREWEXE L. £z, ERNAOFESTORKRESL
OB EGZTWelEE, FIRE L L TEERARREZBEEE W& E L. M
FEIRENC BV CIE, (3 & O ZTHEW -2 E, gilan T ¢ L R EYYE D E
FELZ XD FSEOBATNREEIZ /e 2R FICB N TS, EFNICaIa=r—Ya vk
EoTWEEE, ZLOBLEBEVWEWZTEEE L, J2ICEERDEH AR L BT
E3c

AREROSFHFHEEIZ B2V E LTE, ERNICGER ST Wl E, 2%
KOBICHME RS2\ & £ Lz, 72, BIEL LT, Amicx LT o
THEROZHEEZWEEE, DXVEHE L R ET. RERO/NEFEREZ HER I
BOANUELTHE, AIfEE LT, Kkt LTEL O THEL NI E 2 WL X,
DXV L T ETS.

7 VT MRS o HEFEER, BEfRERICBS T NE LT, BB R
~OPEE AR LW X, R E 2R RSFo T & £ L. FftoBR
BE—IEgE, K ESEREITERE, HAIMOATRICE, BRI A A
WP E, B LA TRISEITT D10 O ZiREEZ W -EE £ L. il
RBRIFIES RIS, (5400 CAMREZERTL2EonT 252 T eliEE L
2. BEAEIARCIE, AFEEOERHEHEIZ W E E L. SHFBEE,
PR SRR, WNHEERE, FHUERFZER ORI, Bk 72 CHFZEISE 2 I8
lrE, PR —RMWeREEE Lz, 7T UTHIBASHOERIZ O D OE 2R
LET.

KELDT 4 2 Z )VERAILEE T TR O FERIZIE, IR <HFEEITIZ T2
X, BMUWHIRAERZED N TEE LR E2RH# L ET.

Bz, RISz 0 (1 & FE O MmN 2 EIGHE &R TR 2 TV iaidn e FE L,
BHIENEZ 52 THLbomRLicD XV E# L ET.

103



RRER

I. ESfEENHES
1. AREZE, JHEZEE, @3, “2Ax v 74 L OEEFHHICE-S< MMS
A5 A HE O O LB EE R, FERE L VE— BT, Voleo,
No.2, pp.53-64, 2021.
2. ARMZRE, OHEZME, SJFHE, “MMS B AR D OB ICE T 5 M -
WAHBE DR "T — 2> | F5 15558, Vol.89, No.8, pp.654-660,
2023.

Il. ESnfZEERSE O —T12)
1. R.Honma, H. Date, and S. Kanai, “EXTRACTION OF ROAD EDGES FROM MLS
POINT CLOUDS USING BEND ANGLE OF SCANLINES”, The International

Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences,
XLII-B2-2020, pp.1091-1097, 2020.

. 2%RK
1. AR, G, &, “Ax v T4 COEEFMIZIE-S3< MMS
B D O O HOEE R, B ARG ER & PSP S, pp.53-

64, 2019.
2. KEZE, GHEZEM, &P, “MMS BUS SR Z FIV 7238 522 S s o s
(2 H) -AF ¥ T A OB EFNICEED < MMS B AHED S O HIEER
FEROFH & VERERHN-", K8 Lr BT RS FIGERZ, pp.53-64, 2020.

V. £DfRE=R

1. ARZEE, (N, &, “MMS BUSSEED O O BIE S FuiimH & i
R, 2020 4EEESE 3 [HEMARHRIBFZES, A>T A >, 11 A, 2020. (HEH,
e/ L)

104



