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Abstract
A downward-looking optical mapping system was newly installed on AUV (autonomous underwater
vehicles) Gondou. This paper presents our approach for seafloor optical mapping using the Gondou, and
reports the result of the first sea trial in April 2018. The Gondou dived to a depth of 130 — 140 m and took
photographs at the altitude of 8 —10 m. Most of the obtained seafloor images were insufficiently
illuminated due to the relatively higher cruising altitude and water turbidity. However, for a part of the
images taken above a shipwreck, the image-aligning processes worked well and a photomosaic was
created. The optical mapping approach seems to be effective for the seafloor with characteristic and

optically high-contrast terrain.
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PEBINTEY, WD 2 KTEFA 7 H
BOER DA% 5T, 3RITETIVORESEIZH G
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Fig. 1. Sea trial area. The background chart is “W1075
SURUGA WAN".
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Fig. 2. Bathymetric map including the sea trial area,
surveyed by multibeam echo sounder on board
the S/V Takuyo. Survey lines for the AUV
mission are shown as black solid lines. Intervals
between each line are 10 m, 7 m and 5 m,
respectively from north to south. A shipwreck is
located in the area surrounded by yellow dashed
line.
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strobe light (aft)

Photo 1. (a) Side view of the AUV Gondou. The arrows indicate mounting positions for the optical imaging system.
(b) The camera lens on the bottom of the vehicle. (c) The LED panel on the aft side of the vehicle.
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Fock et al., 2017) D132, mbEEIEX OB KT
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Fig. 3. Longitude and altitude tracking of the AUV during the mission. Horizontal axis shows the total seconds of the
day in UTC time. The estimated longitude values based on the INS are plotted with blue dots, whereas the
values measured by the on-ship USBL positioning with orange dots. The vehicle altitude measured by the

DVL is presented in gray dots. The green-colored areas correspond to the time the AUV survey stayed on

planned lines; the red-colored area indicates where the DVL bottom-locking was lost.
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Fig. 4. Original images obtained by the AUV's digital camera. (a) Photograph taken at the altitude of 10.2 m above
seafloor, where it is assumed to be covered by sediments. Identification of the seafloor is extremely difficult

due to insufficient illumination and contrast. (b) A typical photograph above the shipwreck, taken at an

altitude of 9.2 m. Illumination of the image is similarly low, however some structures such as rubbles on the

shipwreck are visible.
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Fig.5. (a) The mask image used to adjust the non-uniform illumination in all photographs taken by the AUV.

Generated by the automated statistical process implemented in the software Cathx Ocean Image Correction.
(b) RGB color brightness on the line X-Y in the mask image. The brightness takes values from 0 to 255.
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Fig. 6. (al) Original image taken above the shipwreck at the altitude of 8.7 m. (a2) Illumination-corrected image of
(al). The correction algorithm was implemented, referencing the mask image of Fig. 5 (a). The automatic
color correction reduced the bluish tone of the original image. Lens distortion was calibrated by calculating
the horizontal scale on the image assuming that the imaging sensor was parallel to the seafloor. (b1) and (b2)
represent RGB brightness values of pixels on the line X-Y in the images (al) and (a2), respectively.
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TRz (b)), b2) EZhzh (al), (a2) ® RGBHZEHICBIF2HELA 7Ty FLTWA. Wihd
W RHIZR L7285 X-Y EO ¥ 7 2uasdh off.

- 109 -



Ryosuke NAGASAWA et al.

34.9163
set#1 -« set#2
+set#3 =set#d
34.9162 N,
.
A l\!ls\tb»!;\;;;u,,,, P P
@ o
=2 K
@ 349161 B ek b s aaa s TR
-g i .0.
i .o‘.
& ot
349160 LA s g Rl R RS IS
34.9159
— = = = = =
w w w o w w
oo oo o5} 5] 0o o
u u un L u 19]
o o o o =] (=]
[=2] [=2] (=) ~J ~J
[=)] ~J oo o o =

longitude [deg]

Fig.7. Locations where the 230 images used for
photomosaic making were shot. Location
coordinates include the horizontal offset of the
camera mount added to INS-based AUV
locations. Note the error ranges contained in
positioning.
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Fig. 8. (a) Locations where 7 images were projected on the seafloor to evaluate positioning errors. The rectangles
correspond to areas each image was photographed. Crosses and circles indicate feature points that are
common in each image.

(b), (c) The arrows indicate the two specific points in each image marked by crosses and circles.
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Fig. 9. Photomosaic of the shipwreck and horizontal locations of images used for photomosaic making. Out of the

230 images, 113 contributed to the alignment, and their photographing positions are indicated with orange-

colored dots.
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Fig. 10. Degree of image overlap in Fig. 9. The number
of overlapping images in each point of the
photomosaic is indicated by color scale.
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Fig. 11. Positioning errors of the aligned images,
estimated by the software Agisoft PhotoScan.
Vertical factor of error is represented by the color
of the ellipses, whereas horizontal error factors
by their sizes. Estimated locations of images are
marked with black dots inside of each ellipse.
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Fig. 12. (a) Photomosaic of the shipwreck, alignment processed with the locations of the set #4 images uniformly
shifted 5 m eastward from the initial position. (b) Estimated values of positioning errors in the aligned
images. Vertical error is represented by the color of the ellipse, and horizontal errors with its size. Estimated
locations of the images are marked with black dots inside of each ellipse.
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TWwa,

Fig. 13. Images showing a part of the shipwreck, captured with the passive autofocusing. The image (b) was
obtained approximately 0.6 seconds after the image (a) under the same setting. The dashed circles in each
image indicate what seems to be the same starfish. Focusing length of the image (b) seems to be shorter
than the observation altitude, causing suspended matters in water to be captured sharply, whereas the
starfish on the shipwreck is out of focus.

B13. Xy ¥ THRDOF — b7+ —h A X o Thog Sk o—Ek5. (b) 1 (a) O 0.6 I —0&k

EDD ETHER SNZWETH D, BT P BL FLEOHEEARELRL TS, (b) E (a)
ZHATHAR R OBEWE A 5 O A H O R, Ak EoWRIZIZRT Tns.

- 114 -



Seafloor optical mapping by AUV Gondou: the first sea trial report

N ZERT 510, BEZEDEIHES S
EICAY y MHET B, R TIIEHEICL D
HFAKE L 810 m FREO T A ClL A
BHHEVZEESLID, SHRORMEIIBVTH
EREr TRL, G0 HOENIDWTHRGEEE 1T
)N D .

T/, RO RH T A — & RN 7R % E
L7, SHBRMETXEEBIIEBAATET S
FTOLRER, KT A NS U RIHER MY B L
THRDOMEICKRE BT S, £ FIEITH
BHLGREE R OB EE O Z2 A — 12O W T b A
TAHI LS, HEMIESLETHS ).

54 BEMERVGHRMEDFE

RS2 & #EK I X 5 EOPEE D552 % KR
2, X OBEHREZEEIICT 2 FEICOWTI,
¥% K OMRBIDAFAET S, VT bPT 2T R—R
OFPFE LTiE, KBIL TEELEIC X 2 28 % Bk
7:9 5% dehazing & M-I 5 FRERLOKIZL 5 E
WEAT OWINZ LT 5 T 2/ ENH D,
OB OVTOYHET VIZIES LD OD
fll, ©A 7T L PFHALERZTEH T 5% EWEE
TV RERE LEVWTE, ToMISHREEE R
TEDOWHFINZT 2 HEHHEICL > TRETEIT) b
DEVHFET S (Luetal, 2017). F72, Bd 5
fmEOF L L L, ToRHMEEH U2
Wk b FAET S, Bl 21X Mangeruga et al. (2018)
i, BERKREORL L AW THE L2 T —
I, BEEMEEOGHTHET VT XA %2 HL
TERMICHK LTS, 5%, BUFEHEO XD
fief W) 7 g A A S OV R Al IR 2 3B R 5 5 7% B 13,
INOHEATMEDOERTH L LT VT A L%
RTTHZEF—FIMET 5.

55 EHA4XDTFE

AREG TR D BN T Wl RLB T %
RKOTHRY 7 by =7 2MHL, 774X
MEITRTY 7 b7 =27 OBH#ERNL T2 ATH
BRyIc4r 9 2 & & L 7. Agisoft PhotoScan Tl
FIV WA ZITARBEGHE U 76 O RiBh B RE

ELT, BESINDZNEEHOHETGRIIY—T %
RET A EHNTE D (Agisoft LLC, 2018). A&
D7 =%ty b TlEE ORI OHH 23K
Th b 0FEN % Wik 72205, BTEEAOHE
BRI LB D S AR X S B ERE T R & HIETH
5.

B, KPHEBRIFLL A VY B X7
FHEIZOWTIE, HA4 OBV TERENT
W5, fz21X Pizarro and Singh (2003), K& O%%-
fir (2011) T, WHRICE o 7258 22 0 5 %
L, HEOEEM TEoNMEE~ Yy F 7
LTV TV ITY AL ReFEIN. RELRT—
ZHPRTE TS ZWIUTAR TR L2 Y
T TICEBFETHELXEL VDR, b
L IZEATIIEA SR L TS HICEE LT 2%
WHDHDOH, T—5 1y MIZLWIBURTIZHK
TERWVWHOO, HELRmHIZITENLZ WIS

>

9.

6 LTIV

AT, AUV [ZTA L) ] ICHBEHRE N
7B B2 OB RBR ORE R & i L7z, &
BRIIZHERE L 725 M O#AETH > TH A VY £
A7 B TEZZ LS, o X ) 2RI
X RPNT O W TUIAERR DA RE T 5 2 L AF
MO SHROBEE, BN REEARICZ
LWBKHITd - T H x5 2 {5 T & 2 Mg % i
HT2IETHE. HEORL LR TOHRAL
HITL, I v v a vt TRE_T 4
LT, BREREFA 7 WG EEI ) 728
FKafiF T,

A 187 RBEAFICEET 2HEHE
Al HERRE

WSS DR WEEN 267 R % DA A
FERRET S E, HGEI»SHEELNTL ¥ XU
ASF L7206, GHEO%E % BT T rig
23753, MEOGE %L, ZOMIXEEHEH
(circle of confusion) & IFIXN 5. $HELM OBELE
AT/ E  BARL XD LT IUE, B 7%

- 115 -



Ryosuke NAGASAWA et al.

ERCTHEORBIIZVWEGHRTH-TH, A
ERATIEIITES. ZDLE, FRTXLR
KOSEHLM Z 7Pl SR, S0 X911, %
EZEEOIRBIIH 2 WEAROHIRIZH, GHET
H5DHE)ICHZLHEHPAIPAAET 5. Z OHIPH % B
HREE (DOF : depth of focus) & M5 (B,
1990).

B G RRE OGRS, BB R O H 25HE
Bam s 725 & &0, B> HSHERT TOHEE%E
HWRT % mE N (hyperfocal distance) 7%
WwWHnha, MY HTEL, LYy A0k
HEEEx £ FfE%x N, ROFASEELINOEE L ¢
g

fZ

H -

f+ Nc
EEMEENS. B, RoEHIZIRIGES O E
W WHEN R 2 RE L, RDLFEOL »

DFER FAR, 2002 2 E) ZHW #HE
SR DR KL OB H L v AD LR E TORH
ez zhZNh Dy, Dp kL, BHEHPLEL XD
ERTITOHBEZD LiE L, HERREH %
HwT

DH-f) D?
D-Dy=D- =
H+D-2f H+D
D(H- D?
p_p DU
H-D H-D

LrnheEnitasns. WMo iRf8iE Tk
AEE ISR TS WS L EEEL,
H—> 00zl 572D TH5. KRTlE, #F
HEELHE L TH XA TOBRGEETOE 7 VT4
2xRMRAL, oMz HvCBGRGEEL R
b o7z,

A2 HAZxxvUTL—23>

Brown ® L ~ XE € 5 )V (Brown, 1966) |

Ly 2ol a2 JE e UCEE TR O M E
T OER = BB X > TERZFREMT S
bOTHLH. AETHHLZZDE, Stllib.oz )i
MET L8 EOEM L 72EE (x,y) ZEM
DRVERE (7, y) [ZE#T 5 LT 0% HAL

(Agisoft LLC, 2018) T®» 5.

x X
= +k 2+ b+ R +k 8( )

(y> ( 7tk kyr + ) y

D, (" +2x%) + 2p,xy )
D, (2 +29%) + 2pxy

CCTri=at 4y TH Y, Rk, pix TN
ZPER AR OCHE T ROEARZRET 5787
A — % TdhA. Agisoft PhotoScan Tix L IZm
2T, VYREHBRGETOT 74 ¥ A ¥ bFhsE
RTROBEEE A% FET 5 (Agisoft LLC,
2018).

(5)=00l g )+ (2 ) +r(5) (5>

ZZTh, wiZZNZNMFELLTH > 72MmiRD
HELETH Y, ¢, \T Ly X0 NelhFu & ik
%%%@¢bk@ﬁ7%/b%%T£f%b
b, b, X% M Z 1 affinity & UF non-orthogonality
EHPIEINTVWE. ARIIBWTIE, Rilofi
N?}—&@%%ﬁ}?@%ﬁﬁ#%%ﬁéht
ki, ky ks P Py S e 2OV TITEE R
HOfEZ#H L, %ﬂU\ﬂO)k4, ps Dy by, by
3 _T¥udk L.

+ (1 +pr*+pr”) (

@ B

R [ MR 2 S CICREME O BRI

(&, REPOREMNLIFEREOEINCHE? S

KAl ZHEEZBD, MOoEEE b > THAx
BITLTLZEVEL LDEDEHPLETE
. FLT, AUV [ZTA LD | EHJ:oHT
ICRBIEN, SHOREOEZENTLLZES 5
72IEAD AUV #H B B OWARICH L, 2 22K
WoEEERLET

X ®
Agisoft LLC (2018) Agisoft PhotoScan User
Manual: Professional Edition Version 1.4,
http://www.agisoft.com/pdf/photoscan-
pro_1_4_en.pdf.
Allotta, B., R. Costanzi, A. Ridolfi, C. Colombo, F.
Bellavia, M. Fanfani, F. Pazzaglia, O. Salvetti,

- 116 -



Seafloor optical mapping by AUV Gondou: the first sea trial report

D. Moroni, M. A. Pascali, M. Reggiannini, M.
Kruusmaa, T. Salumie, G. Frost, N. Tsiogkas,
D. M. Lane, M. Cocco, L. Gualdesi, D. Roig, H.
T. Giindogdu, E. I. Tekdemir, M. I. C. Dede, S.
Baines, F. Agneto, P. Selvaggio, S. Tusa, S.
Zangara, U. Dresen, P. Litti, T. Saar, and W.
Daviddi (2015) The ARROWS project:
adapting and developing robotics technologies
for underwater archaeology, IFAC Papers
Online, 48-2, 194-199. doi: 10.1016/j.
ifacol.2015.06.032.

HAREME (2002) St AM, 182pp, 337 HIAR,
B

Bonin, F., A. Burguera, and G. Oliver (2011)
Imaging Systems for Advanced Underwater
Vehicles, Journal of Maritime Research, 8 [1],
65-86.

Brown, D. C. (1966) Decentering Distortion of
Lenses, Photogrammetric Engineering, 32
(3], 444-462.

Cathx Ocean Ltd. (2017) Cathx Flat Field
Overview, private report, Cathx Ocean Ltd.,
Naas, Kildare.

Drap, P, J. Seinturier, B. Hijazi, D. Merad, J. Boi, B.
Chemisky, E. Seguin, and L. Long (2015) The
ROV 3D Project: Deep-Sea Underwater
Survey Using Photogrammetry. Applications
for Underwater Archaeology, ACM Journal on
Computing and Cultural Heritage, 8 [4], 1-24.
doi: 10.1145/2757283.

Durden, J. M., T. Schoening, F. Althaus, A.
Friedman, R. Garcia, A. G. Glover, J. Greinert,
N. J. Stout, D. O. B. Jones, A. Jordt, J. W.
Kaeli, K. Koser, L. A. Kuhnz, D. Lindsay, K. J.
Morris, T. W. Nattkemper, J. Osterloff, H. A.
Ruhl, H Singh, M. Tran, and B. J. Bett (2016)
Perspectives in Visual Imaging for Marine
Biology and Ecology: From Acquisition to
Understanding, Oceanography and Marine
Biology: An Annual Review, 54, 1-72.

von Fock, S. M. T. S., S. Bilich, K. Davis, V. K.
Viswanthan, Z. Lobo, J. Lupanow, C. Clark, T.
Gambin, and Z. Wood (2017) Pipeline for
Reconstruction and Visualization of
Underwater Archaeology Sites using
Photogrammetry, 32" International
Conference on Computers and their
Applications.

BEINE - R (2016) AUV [ TA &9
THAF L 72 IE 7 — & OfLERIE 7 1 7
T L ONERL, VI 27 A BE A BB A 72
RIERRUEBE.

Guo, T., A. Capra, M. Troyer, A. Gruen, A. J.
Brooks, J. L. Hench, R. J. Schmitt, S. J.
Holbrook, and M. Dubbini (2016) Accuracy
Assessment of Underwater Photogrammetric
Three Dimensional Modelling for Coral Reefs,
The International Archives of the
Photogrammetry, Remote Sensing and Spatial
Information Sciences, XLI-B5, 821-828, XXIII
ISPRS Congress, 12-19 July 2016, Prague. doi:
10.5194/isprsarchives-XLI-B5-821-2016.

Jaffe, J. S. (1990) Computer modeling and the
design of optimal underwater imaging
systems, IEEE Journal of Oceanic
Engineering, 15 (2), 101-111.

FINFIEE (1990) 2—H—x > I =T D720k
ZAM, 330pp, A7 hu=2r Zfk, HE.

CRHPEA - MR - MEHLh) - B 28 - IR
F— - RIABN - faiAck (2014) EHEALE
KRS [ZA LD | OFEH, WG
fFgess, 51, 98-105.

Lu, H., Y. Li, Y. Zhang, M. Chen, S. Serikawa, and
H. Kim (2017) Underwater optical image
processing: a comprehensive review, Mobile
Networks and Applications, 22, 1204-1211.
doi: 10.1007/s11036-017-0863-4.

% R (2015) WEhm ARy P &M, HAD
Ry MpegiEk, 33, [10], 766-772.

% M9 - 3 - Hanumant Singh - & B

- 117 -



Ryosuke NAGASAWA et al.

(2011) HEAR kb TRy MK BEEEE
7o E DA O 3R HfE~ vy ¥ 7 (553
H) —UALTE e SRR ORI X 5
BEWA F 7 Fih—, WA, 23
(1), 1-10.

Bk - AR - Z0KMIE: - iR - POk
RE -l BR (2012) HEAEZe R BRBE OO {58
HWH AUV [Tri-TON] @O B3¢, %5 23 HiEdE
Ty YRT Yy AEEEFE, OES23-047.
Mangeruga, M., M. Cozza, and F. Bruno (2018)

Evaluation of Underwater Image

0

Enhancement Algorithms under Different
Environmental Conditions, Journal of Marine
Science and Engineering, 6 [1], 10. doi:
10.3390/jmse6010010.

Minami, H. and Y. Ohara (2016) Detailed
Morphology and Bubble Plumes of Daiichi-
Amami Knoll in the Central Ryukyu Arc,
Marine Geology, 373, 55-63. doi: 10.1016/j.
margeo.2016.01.008

Minami, H. and Y. Ohara (2017) The Gondou
hydrothermal field in the Ryukyu Arc: A huge
hydrothermal system on the flank of a caldera
volcano, Geochem. Geophys. Geosyst, 18,
3489-3516. doi: 10.1002/2017GC006868.

Minami, H. and Y. Ohara (2018) Detailed volcanic
morphology of Daisan-Miyako Knoll in the
southern Ryukyu Arc, Marine Geology, 404,
97-110. doi: 10.1016/j.margeo.2018.07.008.

Morris, K. J., B. J. Bett, J. M. Durden, V. A. L.
Huvenne, R. Milligan, D. O. B. Jones, S.
McPhail, K. Robert, D. M. Bailey, and H. A.
Ruhl (2014) A new method for ecological
surveying of the abyss using autonomous
underwater vehicle photography, Limnol.
Oceanogr.: Methods, 12, 795-809.

REselh - HhEAE - RN - RBPEE - Ak
A~ - ¥ 8 (2018) AUV ZTA LY |
& B\ 72 20K B O 55 43 7 e R K L B R
1, TS HGBT7EHcE, 56, 59-67.

Pizarro, O. and H. Singh (2003) Toward large-area
mosaicing for underwater scientific
applications, IEEE Journal of Oceanic
Engineering, 28, [4], 651-672. doi: 10.1109/
JOE.2003.819154.

Roman, C. N. and I. R. Mather (2010) Autonomous
Underwater Vehicles as Tools for Deep-
Submergence Archaeology, Proceedings of
the Institution of Mechanical Engineers, Part
M: Journal of Engineering for the Maritime
Environment, 224 (4), 327-340.

Sankpal, S. S. and S. S. Deshpande (2016)
Nonuniform Illumination Correction Algorithm
for Underwater Images Using Maximum
Likelihood Estimation Method, Journal of
Engineering, Hindawi Publishing Corporation,
volume 2016, doi:10.1155/2016/5718297.

TEEPHES - WML - BT - FRBERERE (2018)
RN 7 RLAUV TEIX) AL DBIFEIR,
PRk 30 4R (55 18 [|1) [ SZAF FE B FE kA
g b VEUE - HUZEBAN AT IERT ik B %4

Feit EFEsE R i g, Al-4.

Singh, H., A. Can, R. Eustice, S. Lerner, N.
McPhee, and C. Roman (2004) Seabed AUV
offers new platform for high-resolution
imaging, Eos Trans. AGU, 85 [31], 289, 294~
295.

Wakefield, W. W. and A. Genin (1987) The use of a
Canadian (perspective) grid in deep-sea
photography, Deep-Sea Research, 34, [3], 469
-478.

Wynn, R. B, V. A. I. Huvenne, T. P. Le Bas, B. J.
Murton, D. P. Connelly, B. J. Bett, H. A. Ruhl,
K. J. Morris, J. Peakall, D. R. Parsons, E. J.
Sumner, S. E. Darby, R. M. Dorrell, and J. E.
Hunt (2014) Autonomous Underwater
Vehicles (AUVs): Their past, present and
future contributions to the advancement of
marine geoscience, Marine Geology, 352, 451-
468.

- 118 -



Seafloor optical mapping by AUV Gondou: the first sea trial report

INHEEAN - BR-V—rYbr TUL7T - igdhs
W - P& B (2009) 27 77 O - B -
Wi 17H) BAEI TR v b OWFFERSE, Ak
wr7e, 61, [4], 789-792.

Yoerger, D. R., A. M. Bradley, M. Jakuba, M. A.
Tivey, C. R. German, T. M. Shank and R. W.
Embley (2007) Mid-Ocean Ridge Exploration
with an Autonomous Underwater Vehicle,
Oceanography, 20, [4], 52-61.

g F
AUV [ZTAED ] ZEH L 72EERICE TS
A BIEBROFE R 2 3 5. BRIEIZB VT
MG 8 —10 m O &5 FE A & MR 217\, 1
BICHEAET DT VY T A X0 7 & RKA
7o BARERIERECI Y P IAMIZLVDHO
O, HERFREEAST B e WREE IO W T
YA X2 TDVARIIHERET B LHEND LT

- 119 -



