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Three-dimensional reconstruction of topography model of

Tarumae lava dome using UAV (unmanned aerial vehicles)
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Monitoring of volcanic activity is essential for volcanological studies as well as disaster
mitigation. In case of a lava dome eruption, it is particularly important to monitor the instability
of the dome that may result in its collapse accompanied by a pyroclastic flow. For a study of the
growth mechanism of the lava dome and the hazard assessment against the dome collapse,
frequent monitoring of the topography with a high resolution is necessary. The airborne
photogrammetry and/or the space geodesic technologies are commonly used to observe the ground
surface. However, they are usually not suitable for frequent operations from the viewpoint of its
cost and/or the recurrence period. Therefore, in this study, we tried the UAV (Unmanned Aerial
Vehicles) photogrammetry for the lava dome topography measurement. This study aimed for
evaluating the accuracy of the topography reconstruction by the drone-based photogrammetry as a
preparatory step for the future monitoring on a regular basis. We chose the lava dome of Mt.
Tarumae as a test field, and tried reconstructing a 3D topography model consisting of dense point
cloud and the DSM (Digital Surface Model) from hundreds of aerial images taken by a drone.
We succeeded in reconstructing the topography models with or without the GCPs (Ground Control
Points), and finally obtained the DSM of a high spatial resolution about 9.5 cm/pixel. To evaluate
the accuracy of our DSM, we compared it with the DEM (Digital Elevation Model) provided by
the Geographical Survey Institute to estimate the elevation difference between them. Contrary to
our expectation, the DSM with the GCPs had a larger self-inconsistency than the one without the
GCPs. We suspect that spatially imbalance arrangement of the GCPs may have affected. Our
achievement of generating the high-resolution topography model demonstrated that the drone-based
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photogrammetry is useful for volcano observation. The technique will be more common and easier
with improving performance of UAVs in the future.

I.Ix L & I

BE F— L3R E T 2 ICON TEMICREEITL D T DM AN L TR 251 & 2
T (R -, 1991), BB WIS R—2OBRPLEEZE X 72 F— LNEBICRAKDA D A
{02 & TKETIBRDPIELLT 257 (Darmawan et al, 2018), £ < O REMERHME LK
DTS, a R—AOMEBRZER L UBRZREICEET S 2813, £IZY 5 5KF0HE
BB A ERNICEML, @Y R RIEREHET I ETHBO TEETHD. TORLDITE,
R Zw T DlE F—aoekbz, SHETHRVIRLMET DS ZEREELLV.

ek, KILHIE OFHANCI, Bt To GNSS &=L, MZEEP L OZBHEES L —F—, F
T ANTHRICHE LGN L — =R TE . LL, BREREBZRITTND
KILOEFETIE, FlbKFSEOFFRKLTZANEHL TWe b, BSfLEYEIC L > Taan
BHELHEENR S AL 2o TV LT, AEMRLTOIHIBAOAL Z LT HRERGA LD
7272 <, HMTOM FREICIIBARD D, MERICED EEILOREIE S, BIRORITS O
BERBRORRELE:, AMFESO X N5 Z LTz, RECL > TRITAEOHINEZZIT 5
(E2>, MEKIEENMER LRI KA 2 RITT 5 2 L BEERBERTH Y, SHEORHRYIEL
BUHENTEEL V. ZVESEIPOTFENTEX I ANTHRIT, MK EE > TRIEDKITER O FE
BZF RN VWO FIERH DT, BIRBESK 10 BU L2225 b0b0H ), EHEETOR
VIR LBRNCIIRAE L2 5.

Fwe—2 & b IEEiL5d UAV (Unmanned Aerial Vehicle @ MEAMTZEH) 1%, B0 &
EH IR FERRICE R L, TOMBITENE, WRERE, WEMTE, BkEZKIChs, &Y
VIREEBEEREPFER DG H D7D, HEREHESEROND KO R TORMICbEL
TV, kPO HLT VN EDEANY 275 =TS L/PNRITELEWICMHEF] 2 S 2,
R N L —=0 7 TR CITBEE Y B B Y TRt TE 2720, A8, BH, FEFPK
TRICEIRI T & HHERE., T TE 2 EEORR (BAARRIEIIERMAEIC L 2) ([THIRITH
5b00, MEHELY GEELRSILNBTESD, LVRBEORVEGRZEGT 2 Z L3
T&%. 7 TICUAV L, Rokhmana and Andaru (2016) 12 X % K LMK OHIFZ AL OFRAES,
De Beni et al. (2019) I X2 BAEROERIHEER ED X 51T, MBFERBERIO DRI &b
DTS, HIEHERO BSOS KIERIER OB A5 S, UAV 2 W IVEFEICE R EOE B
BRBELND I LIIRENTE T,

i 5, BEGERICE DS PERD 3WILTEROECH M OIE D H I E L V. SIM (Structure
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from Motion) & MVS (Multi View Stereo) & FEHIILDALBIC LY, EARIEELLIMEINTE
BEBOEG 2 AEDED T LT, RGO 3 RTREE LT DI LRTE S, ZEhE
BEPOETEIND SIRTHEET VA6, DSM (Digital Surface Model) Z{ERKT 5 Z & % A HE
Thb.

UAV (T & 5 22 B ERIE & EigERICE S RETTEIN 212608, BE F—o 08l
AT 22 LICi>T, N—LDHEFHY - FEFRY RS 2 R ITItRE 32 2 L 23 TERIT e
D, EA D =X LOIC KIEROBERFEICHRTE 2 LHIfFIND.

AWFFETIE, UAV ZWicipss F— 20 BHZEO WM Z #5720, HAnlEsE F—
LETFANT 4= RE LT, #RETLO F— 203 1909 4D AR A B 120 F 058 UIRE SO 5
BSETIED, R— AL OKO TS REEE & Vo T AR F AL TR Y, YK
L&D & i ORFFZEL 23885 C & 2 a0 & 5. AT TIE, koM E L OBHR T
7o ¥ B E & L C, GCP (Ground Control Point : Hi_FFEHER) DF I X 5 HIJEHEERE O
A2 HAYE LTz,

I.3RRETYVIDRE

M ERICE S <WED 3 IRTIIRTT Y > 71X, SIM(Structure from Motion) & MVS(Multi
View Stereo) OFIFRICHE DWW TEITINS (F)I] - fl, 2016). SIM &1, XM %2 E L B
BoOBEGHEOXIEE, I ATORENT A =42 (H AT OERERSRE D A ZEEGOM), S
INFGA—=L (RERDT A T OABELEES) ZHEL, AP D 3 WITIR 2S8R0 5 72 5 B
RIERECETLTHHMTH LS. MVS TIE, SIM THELZI AT AT A—2EH WL Z LT,
KGRI D IZ DN TS SIRTTEAZE 2R D, L0 E L OENPGR D 3TN (Zhies
W?77FEW$)%@Ef%ﬁmﬁﬁé.ﬁM%WSCi53ﬁE%TUV7®*%%EU—
77w — I OB THD.

(1) ROt

(ii) FERO~yF 7

(iii) B AT OHENT A —ZHETE

(iv) *IEHD 3 WITEEDOHEE

(v) N> RVFAE

(vi) BEBEZ 77 KOMERK

TS DILIIT DN T OEFRI R 50T, B 2 B REHRBE R = (2015) &4 -4l (2016)
R EDHBFICHELIBERENTVWEDT, 2 TIIUHNEDOMIEZ T 2R, L, A
TORNENRT A =L FFROF ¥ ) TL—Ta it VEme 45,

(1) FEUROBRH T, BCHEREPEBICENT DL 5%, EEBENTESL > TRIITE
DR E LTRIBL, (i) S0~y F U 7T, BRIEGBRLOBMEEZRALT,
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SIS T DER OMAADLEEZLHET. (i) BATONBNNTA—EPHETED L, ITATD
JeEats & E A SEAR (B ORELD, (iv) MISEO 3 KRTEENEETE S, &
NEFTRTORIGRICH L TITVY, 3 RIChLEEBR ( AFIE TR - BE - 55 ) 2RO 58
PO DB SRR EE T TS, #HEL L SKITHIROBEEED D), ISHEED A

FEE A~ L CEBICERE SN TV R EOBRELRHL, ZThnf/Mikkbd Lo
KRR D SWICHIEE W A T =2 a VEREEHT5. ZO8ELZ (v) NURAGELNS.
KB, LV EMBEOBVIRTARE (= (Vi) BEEZ T R) 2IERT D, SISEL
NDED 3 RTIEAEEWEET DI EIT S, HDHEE EOEE DR D 3 IRITHERE % = D4R
DY R ZEMMBIRE L 2L &, ZOEMBERETL2EBOBRESOBEREFHDS, 20
TER 2R ETIHICITY, RO SABREAOEFEME (HROACHD S 2RKIMHE) H—HT25L 2
A, FORD IWIMELRED.

II . GCP(Ground Control Point) : #h EE#5

GCP 1%, 3 WRItHIFE &7V ICHxt o 7e s (R, #REE, 4@ (BT 2@l oA e
DY —=NTh%. 3WTHIEET ML EFR 2 AT HER, GCP ZHVWSfllicy, 5
BE(CFdk S 72 EXIF (Exchangeable Image File Format : &5 A BRCA B IR, b A T OHEFE,
0 fE, Wi, 1SO REE, @2, L olcffmae L Ttk 2EB 7 +—~ v b)) OF—
ZEMATEILDOLH D, L LRAGEXIFF—4 OMEFEHRIT, BELELLKRETD
UAV OEERET — 4 T 5 1o, Mt 72 AR & L COFHEMEIIR. @ 212, GCPOFEIC X -
T3IRTETV VI ORENELRSND.

GCP I EEHEIC X 2 FAEEBANICKL S OREL, BEEIFZEMNICREL RN ENEEL
VW (De Beni et al, 2019). 7z, AEHEEN TAMSESOEIND BEE1X, GCP 0¥k &
LU TEEHFEICHDHSEDIEINEV (De Beni et al, 2019). GCP OALEE#HIL, GNSS
e 2 W CIEREICIE T 2. GCP X UAV O 51 E CREHAPFRTERITNE R 2
Wiz, BSIOESEYEOMIICHRET 20, M EEHREAND ZERRNTH D (ELH
iz, 2016).

KL DI TIHIEE OIRESCHIEA 2 HIIC L VS B AV BREELWHFT b D72 <72, VW2 b
IR TGCP #RETE 5 LIFB OV, & 2 TR TIE, GCP 2R IcRE TE 2
VORI T UAV SEREOH A2 D 572, GCP OFEAE 2 T3 RITETIVEIERT 5.

V. UAVEERAE

AHBFFE T, DJI Phantom 3 Advanced & DJI Mavic 2 Enterprise Dual @ 2 5D UAV Zf#H L
72 (Fig. 1). Table L ICZNZFhOMFEERT. ELHLLV VNV VAT LAEFEZTRY, BED
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Fig. 1. UAVs used in this study. (a)DJI Phantom 3 Advanced. (b)DJI Mavic 2 Enterprise Dual.

TVEBEBT 2 TRPESN TS, £, #REROEXIF 77— 2 3HBICEERSND. Ny
7V —iE, £ UAV TERZN4AETOREL THIRICEEAL.

PRI NP 2019 4E 6 A 13 HITIT S FPREL 5728, HWIC MATILTEIXEICE E N THRAINE
Wiz UAV OFATIEHIEL, GCP &7 54E38D GPSED A &2 T - 7. &L 2019 4£ 6 H
19 BICEM L7z, ZDVEPFOTWIERRENL TR Y Ab§H<, UAV 2 HW - EERIEIC T
BREGMThHoTe. Ny T ) — WL 5 UAV &5 6 BIFRIT S, BE R—o2kzh
N—F 2B EERE 21T o7z, £ ORFOTRITRE & Fig. 2 1< 3. RFETIE, Ny TV —F&
BPO T E DY AR ZZE L, 50 cm FEEOYERFEHITE 2 K572 UAV B 6725
SWITHIIEE T VL2 B L. Wil - B (2017) 1292 0E, PR ORI B 2R B
1% 12 pixel TH 5 DT, UAV {4 D GSD(Ground Sampling Distance : i _F 23 88 ) 135 4 cm/
pixel L3R E D, T D GSD &4 UAV Ol f L T, 5, WERTHEORIEEO ER%
Phantom T/ 75 m, Mavic TiE88m &7z, UAVIZFE THEIEL, EEBEOEEEDI80% &
2D XOWTRE Lz, 1 HOREIEET, FHKAYIZ Mavic T 256 #¢, Phantom T 107 #&#R5 T X 7z,

Table 1. The performance of UAVs.

Phantom Mavic
Diagonal size 350 mm 354 mm
Weight 1280 g 899 g
Limit of flight time 23 min 31 min
Image dimensions 4000 X 3000 4056 X 3040
Angular field of view 94° 85°
Focal length 2.8 mm 2.8 mm
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Fig. 2. The red lines represent the flying paths of the Mavic, and the blue lines represent those of the Phantom.
On the paths of the solid line, we took pictures keeping the camera looking down. On the paths of the dotted
line, we took pictures keeping the camera looking obliquely downward.

V.# 2B

AR TIE, EEHEICED3SRTMBET ) V7 E2ETTLHY 7 Y =T & LT Agisoft
Metashape Professional ZffH L, @#E 7 7 U R, DSM, A /WY EFA 7 Z/ER LTz, BEHER
BEEEFIEE v Z — (2018) IZHI/R XA TW A FIEICHE > 2. Metashape TORLERIZHK 5 ~ 6 KF
MEEL 2. Z0#EF % Fig. 3-5 12777, Metashape 13E 7 VI O I, KEGICFHFS
NICEXIF 7—# LEHBOF—N—F v 7B LU L RN G, B ATNTA—F 2 AH)
RICHEE - T 2L 2 5. ZHIC XY, GCP OEFEFEREZMAIAE 2D > 72 3 IRTE
T, UAV OF A T 0345 L 72 EXIF 77— 12 L » Thi@fE#ihr ShTns, EXIF 7—4
MOHEE L T2 h A T DAER/NT A — H 1L, Metashape ® L R — h#5E CHUA T % % (Fig. 6).
Fig. 2 OFITREMEE & R~ 2 &, AL 72 UAVIZ X o TKFE - REOBRZENE BITKELE
L TWDZ 3D 5.

Z I T, GCP DEFEERZFIM L 3IKILE T NB L VZE 20 BEMT % DSM AV Y £
YA 7 % TRMGCP], [RIERIC GCP E#HZFIHEFTITIER L 72714 % TTRMnoGCP] &5,

1. aBEISOFR

Fig. 3 # .5 &, TRMnoGCP & TRMGCP L& b ic, MATLESA R—ADFRE X <HmTTE
TW5., ARICEDMMRBHEONEL ENWVICRD Z N TE S, TRMnoGCP & TRMGCP &
DEFRZBICTZEAEDRL R, BEES ZU K23 2K A >~ ML, TRMnoGCP
T 109,796,855 A1 >k, TRMGCP T 122,573,064 A > b & 2o tz, GBEYZ 57 R Tk
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(a)TRMnoGCP

e

(b)TRMnoGCP

a0 90085 o 990885

[——

(c)TRMGCP

[—

(d)TRMGCP

Fig. 3. The dense point clouds.

(a)TRMnoGCP (b)TRMGCP

Elevation
1.06 km

0.979 km

0.902 km

Fig. 4. The Digital Surface Models.

DELL TWDED L, EORETHNICRICR>TLE>TW IS EEXBND. Fiz,
K= EE TP WERPFHL ENTHWRWNWEES S RoND 2, BROZET N—LAEKH
DMERICER 22 o ZEE DIR L > T icleh & B2 HbNd, BEL T, 3RTEE#ENS £
WD o Tef (ZEPITFEN TN S R A M) 1E, TRMnoGCP, TRMGCPs & 12 F—4 [
TRz Z o 7z,
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(a)TRMnoGCP (b)TRMGCP

—
120m

Fig. 5. The ortho images. (a) analyzed without GCPs. (b) analyzed with GCPs. White points with integer numbers
show the location of GCPs.

Difference
@6om
@48m
Q36m
024m
o 12m
o 0m
o -12m
o -24m
@-3%m
@ -48m
@-6om

200 m

Fig. 6. The black dots represent the camera locations. The shape of ellipses represents horizontal error, and the
color represents elevation error. The error scale shown by the ellipses are magnified 10 times for visibility.

2. DSM « F LY EHA Y

Fig. 4 127k L 72 DSM IZBE L T, TRMnoGCP O MEE OZEL AR E W (F—A EHEZ RS
LORYLTV). LAL, SEMICEERMETRVWE S ICEBbhd, MEEE, TRMnoGCP
73 9.42 cm/pixel, TRMGCP 2% 9.52 cm/pixel 72> 7z.

Fig. 5 IR LIe AN Y EYA ZIZBL T, SEBEZ 77 RFAKIC GCP OFEIC LD RicBED
BT E A E RO SN, 5L, TRMnoGCP %% 4.71 cm/pixel, TRMGCP 2% 4.76 cm/
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pixel 72 o7z, ARWFIETORETIE, GCP DEED K—L2 O ERICH > TLE -7, GCP &
BT 5B A EAICHOMEE T, EERBNIC R —ABU~EECRET A Z LR TE 2ho
Tl THD.

i.& =

A TIX, Metashape 2> H7ERL L 72 DSM (TRMnoGCP, TRMGCP) O$REREE 2T 5 729,
E L H BB MRt 5 (MEHRE®R S v v v — ¥ — 1 A, https://fgd.gsi.go.jp/ownload/menu.
php) 5m A v ¥ =2® DEM (Fig. 7) & O#ZE4T 5. BATLO F— 2 IREAENT L A S HIK
T EH LD, ARHFZETHEE L 72 DSM 13 DEM & Z272 L T H BEIX 7220,

AHFFE TR D 72 DSM X HIEEFE D DEM 1Tl THEEE SR EIC Z W o, ARiFFED HE DSM
(TRMnoGCP, TRMGCP) % 1m/pixel D% 53 fEEEICHI SIWTH A L7z, 53T, B
DEM 0% 7' ) v R GEE - ) O 5m LINICH % BFE DSM O &EEZ 1T 280 1L T
EHL, HPEEFEDEM ERIC A v v ath A A0S T —ZICESH L, ZTOX 5 eFHis TH
HEBE DEM & [/ URS 7S CIERR LIE L 72 H{E DSM 7» 5 #i# i DEM #5(< 2 & T, £7 U v K
RTOEEEZRTL .

Fig. 8 1%, EEEPLERLIZEA N T ATHSD. TRMnoGCP Dt A N 7T AD IR
CHFD T, EOERENRKEV., ZHE2EE 2R 0HET 5 UAV O EXIF 7 — # L@ F#R
DEFEMEMERNTZD, ETNVO I RITEFHEEREPME T L IckdEE2oN05. ThZhoE
YR 721X, TRMnoGCP T 3.90, TRMGCP T6.67 &, E A LN 7T ADBRNLL LB EY,
TRMGCP OB BT —=# DXL D ERKEL ootz, T, SEAIERO GCP ZEEHTORY
B—FTHA 9. TRMGCP T, GCPIZEY O £ N AT I WICBIEZRE T X125
Fre %5 TRWEHIATE, ZO/REEL TEERERRES RoEBLZOLND., DF D,

Fig. 7. The Digital Elevation Model issued by the Geographical Survey Institute in 2007.
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Fig. 8. Histograms of elevation differences between DSM created in this study and DEM issued by the
Geographical Survey Institute in 2007.

GCP T VWA T I AR OB BTV DSM 235 54T 5 A3, GCP 2372 MR T i ekt R AR &
DOFERTET, 2L L THWZDSM B E2 65, —F T, TRMnoGCP 1Z 2
Z D EXIF 77— # 2T ICESW TR ERAR 2Rk TE Iclcsd, HFEE DEM & O &Rz 2322
MM —c o e LHERIE D, DF Y, TRMnoGCP TIdfExiE L L TOMEITIREVL 00,
BHNDSM FKE N TWRWEEZZ 65,

Fig. 9%, HAEDSM & #i#fE DEM OfEEZEZ B 1T L Tarxfhir, Fv e A 7icER
ZHTHD., EDEZID, TRMGCP TIE GCP S S0 B I ONEEEENKE 725 L T4
L7228, Fig. 7 Tz X 9 &z R onev, EEIZIEmE» SERGM~ L EEEN K E
72> THEY, GCPORY LEESITOND LS BREGEOEIITRDIT R 2o T,
TRMnoGCP & TRMGCP 12368 L T K — A DRl OFEEER R b RKEL R-oTEY, TOER
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TRMnoGCP g TRMGCP

Difference

. 36m~

. 30m~

24m~

‘ 18m~

- 12m~
. 6m~
. om~
. ~0m

Fig. 9. Spatial distribution of elevation differences between DSM created in this study and DEM issued by the
Geographical Survey Institute in 2007. White points with integer numbers in (b) show the GCP locations.

FET30m ZBLTNWD, F—ADBICRERITR > TWAEY DESZE O /FTZEGIE, UAV TH
REG 2R LI BRICEIC 2> TLE > TIEEICIBIRBMETL TE R o fclcb EBEZ LA,

Wm. £ & &

AEFFETIX, UAV ZHWTIRE L 2 ZEHFEEP LXZEIEO 3 R 28 5T 272D D5
BERIER 2 ATILAE R— 2 CEA L, 57 3 THiIEE TV OBEER AT, BEES T
T RPOREEL 72 DSM & A Y T A 7 OffG L, ZHZhi) 9.5 cm/pixel & 4.7 cm/pixel
Zote. [EHBEBEAMIZE L — P —HE TERL TABL TW2 DEM ® 5m &\ 9 22/ 53 fiEbE
LIS D L, AHFED DSM M EF ICE A HEETH D Z LD

FERT D UAVICE o TH A TONENRT A — X OWEBRZEICKEREND AL, ZHUX
UAV O GPS DFEEDEIC I Db DL EZBND. ZHIT KD DSM OREE~D BT RIA 1223,
HEZBEL T—D2DUAV ZHHT L ENEELWVWENVZ D,

A [El, GCP OFREOH ED 3 WILHIIEE TN OISR 5. 2 5 BB 2T 5 725, GCP O
4 %75 2 T TRMnoGCP, TRMGCP #{Ek L7z, ZNENOEBEZ TV K, Ay A7
WCRIEBOEWIIZEAERDP ST, DSM I, DT EBOONLEIS H D0,
D RIZEICED2IT W, Z2T, FNENO DSM OFEE & HFER: DEM OEEDES & & -
TefER, GCP BIEIC L 2B VWAEHFEICH SNz, TRMnoGCP X, TRMGCP & lfigL T, £k
NS ZEN K E o7z, —F T, TRMGCP Ol P ESZEOERERENKE <, EBORIR &
KL TEATVD (BEMITENWTND) LHERIS 2L, &K 3 RITE TV OALRE GBS E 2 &
D LEENET D GCP NERICTHRER o, ZhIE, o7 GCP DELEIC L DB LE X
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ST, BRMZRRRMEHICIEES 2ol 72721, GCP %2 I ELE T X eV iR THE
o 3WITKREE LT D L E1d, GCP 22 <MAAERNWED, ROFEIERE N &3
O R o Tz,

FERLICEBESZ 70 RERES 1589, GCP #FIAL < &b, &0 3 RTliEE
ROBIIBBLETRTHS. HlllllEs F—2BEDILEDOT7 4 — NV R ThE, 1-2HT
EREE O 3WTTHIIEE T NETLE CTEETT5 2 LINTE 5. MM TIER ICE MG E O
FETIVOVERICHEN L 72 Z L 1%, UAV T X 2 G ERIE A K L 28t o s 7o 110 3 1
BT IR T S, T LS B R RS ORE EE MR T2, IEREZREAEE R (R - %
B - RS BRERIGER, WA N —AOFRBEHEESF DD OERNZBINCIE, +o7RE LR
EDGCP ZH LN L OHBEL TR ZEARENLD LAV, FRIIC, UAV OfLE F RIS
¥ (EXIF 7— 28 ) omERRAENS Z L E2EETIUE, UAV ZHWTCEERIEITZEY
A TREAL D DICRDES S, FERLAR ETRLND X 5 ek X B L E 4 5 KILTES)
T, UAV T X2l IR E LD L HIff S 5.

SEE  HEJQUIFREEIE v 2 — KILD B OFRAOERICE, BEERERO GCP #llE %2 FE-o
THEZELL, ZZIKRLTEHPL ETET.
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