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ABSTRACT

The article presentsnainnovative methodology for the 3D surveying amddeling of floating and semsubmerged

objects. Photogrammetry is used for surveying both the underwater and emerged parts of the object and the two surveys
are combined together by means of special rigid orientation devices. The proposed methadivkityy applied to a

small pleasure boats (approximately 6 meters loniggénce a free floating caseind then to a large shipwreck (almost

300 meters long) interested by a 52 m long leak at the wateFlreearticle covexthe entireworkflow, starting fromthe

camera calibratiomnd data acquisition down the assessment ofthehievedaccuracy, the realization of the digital 3D

model by means of dendgmage matching procedures as welldeformation analyses and comparison with the craft
original plane.
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1. AINTRODUCTION

Underwaterseainspections have gained more and more importance and, thanks lasttievelopments in technology
and equipment, have become increasingly usual. The growing. nwhbpplications in underwater surveying can be
classified according to different criterié first coarse classificatiois based ot h e A médnediajwhere the
survey is carried outf the object of interest is completefubmergeda pure undertar surveyis realized if the object

is partially submerged a combined under and .abovevater inspection must bearried out.In case of completely
submerged objectsa finer classificationdistinguistes that object and surveying equipmearein the samemedia(e.g.
water) orin different media(e.g.under 'and above the water surfacB)e two larger applicatiofields of underwater
surveying arearcheoloy and engineeringTypical examples arseafloor feature detection for archeological heritage
location and modeling (e.g. prehistoric settlements, shipwtecksphorae and other objetfs, for hydrographic and
bathymetric measurements dedepth determination, seafloor mapping), underwater pipeline and cables survey and
control. Marine biolog and ecological applications require the measuremenma¥ing species in underwater
environment3'while fishing activity involves the identification of schooBombinedunder and above water surveys are
mostly required for engineering inspections okbibre structures, harbors, piers, quays, etc.

Among the listed applications, thequiredsurveying scale and, consequently, accuracy are highly variable.

Different surveying techniques are employed for underwater applications, mainly distinguishabt®uste (single
beam echo sounder (SBES), multbeam echo sounder (MBES) and side scah’)samaroptical methodglaser
scanning, photogrammefystructured lightsystemd). An integration of twotechniques isisually adoptedvhenthe
survey requires tanerge information from above and below the watetfité Adopting this solution the achievable
accuracy strongly dependsn the complementary technologies, i.e. positioning and ship matierial measuring
systemgGNSS+IMU)

In this contribution, an innovative methodology is presented for the 3D surveying (and modeling) of floateenand
submerged objectBhotogrammetry is used for surveying both the submerged and emerged parts of the olifeet and
two surveys are combinedgether by means of special rigid orientation devices.
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The proposed methodology wiéisstly applied to a small pleasure boat (approxmatigneters long)} hence a free
floating case(Fig. 1a)- and then to a largshipwreck the Costa Concordiatranded wreck (almost 300 meters lgng)
interested by a 52 m long leak at the waterljrig. 1b).

b)

Figure 1. Case studieseportedin the papera small foating pleasure bodg); the Costa Concordia wreck seen from a ferryb
entering inGiglio Porto harbarltaly (b).

1.1 Underwater photogrammetry

Photogrammetry is a wedistablished imagb a s e d.< t e ¢ h n i g wexongtractiorat verg differéns scakeb. In

the last decades the photogrammetric approach has been also.successfully applied to shipbuilding, maritime field and
underwater surveying. Usually the case studies-reported in the literature are related toudlppgs, appendages, etc.
outside the water, in dry or floating docks, ports, naval ba€ime of the main advantages of the photogrammetric
technique resides in its flexibility: in shallow waters divers employ photogrammetric systems for mappewogichl

sites, monitoring fauna population, surveying shipwretkdeep waterRemotely OperatedVehicles (ROV) equipped

with a variable number of cameras extend the depth range of underwater inspedcoittecting photos that capture the

actual situdion of the site and objects is a valuable added value of the photogrammetric technique over other surveying
methodologies.

Especially in underwater environments, photogrammetry requires working on a large scale, very close to the object,
making it possitd to obtainhigh resolution3D model. Environmental conditions strongly influence the performances of
photogrammetric systemin particularw a t durbd@isy is a critical factor that limits thachievableabsolute accuracy.

Indeed, the overall image ctrastdecreasesvhen the water is not limpideducingthe accuracy in image point marking.
Moreover, dispersed particles floating between camera and object may constitute a problem for standard image matching
techniques.

A key point in the photogrammetriworkflow is the calibration of the system (single or stereo pair cameras). Camera
calibration”in multimedia photogrammetry is a problem that has been faced since almost 0Refeastion of the

light beam through the different media (water, glass a@rdntroduces a refraction error that have to be accounted forin

the calibration  process. Two main approaches for handling this additional source of error have been proposed in
literature: (i). the collinearity model is modified to take into account igerous geometric interpretation of light
propagation in multimedia (camera housingter), also known as ray tracing approdcli) the refractive effect of the
different interfaces is absorbed by camera calibration parameters using a standardcpimecdemodel and a terrestrial

like selfcalibration approach.

The advantage of the first approach is that the camera can be calibrated out of the water but requires the refractive
indices of the aiglass and glaswater interfaces to be assumed or ctiemeasuretf. The refractive index of water is

known to change witliepth, temperature and saliffyand the shape of the camérausing por{flat or hemispherical
dome)may change with depth due to changing pressure levels -Medtia bundle approaes whererefractive indices

can be introduced as unknowns, have also been proposed; the method is particularly suRedicler Image
Velocimetry (PIV) applications and needs to be tested in underwater environment. The rigoreteciry methods are
interesting but the bundle adjustment cannoappliedusing traditional software designed for terrestrial surveys.



The second approach has the disadvamth@t cameras need to be calibrated underwater, under prevailing surveying
conditions (depth) and at the specific workidigtance In this case, standard photogrammetric calibrasioftiware can

be employed for calibrating the imaging system considesed ainique system made up of camera and waterproof
housing device. This approach incorporates the refraction disturbance that strongly depends on the optical characteristics
of the water/glass interface of the housing.

As far as the system configuratiosr ¢oncerned, the use of synchronized stesoeraswith a known baselineelieves
from the use of additional equipmefar the scale definition problenThis is a significant advantage, for example, for
underwater inspection realized with ROV.

To the autle r Bnewledge, up to now, there are neither scientific nor technical publications related to a simultaneous
photogrammetric surveying of submerged and emerged parts of floating objects.

1.2 The OptiMMA project

The case study hereafter presented is part ofiderwproject called OptiMMA (Optical Metrology for Maritime
Applications) involving the Laboratory of Topography and Photogrammetry (LTF) of the Parthenope University in
Naples and the 3DOM (3D Optical Metrology) research unit of Bruno_Kessler FoundaB&h i Trento, Italy. The
interdisciplinary project is focused on the application of optical metrology and 3D reverse engineering techniques for
supporting shipbuilding firms, naval architects and designers, as well as development-and research Id. this fie
Interested readers can fouird’?! more detailed description of previous case studies reaiigéuin the OPTIMMA
framework.

2. THE PROPOSED METHODOLOGY

The innovation of the proposed method consists in"performing two separate photogrammetric s efgayant above

the sea level) referencing them directly in the same coordinate system. To achieve this, special rigid Orientation Devices
(ODs) were built and calibrated before realizing the survey @iy.The devices consist in rigid rods whose length
depends on the dimensions of the object to be surveyed. On each_rod, a certain niRtseiagwaterproof plates

with circular photogrammetric targets weattached tand their coordinates were precisely measurdabioratory. The

number of plates aries according to the dimension of the surveyed objgsally at least two or three plates must be
considered. During the survey, these special devices are fixed to the object with at least one plate below and one above
the sea levefFig. 2,c). Two photogrammetric surveys are.carried out separately in the two media, one for underwater
part and another for thepper part of the object. Within the surveys the targets of the ODs are measured respectively
above and below the sealevel. A'good nekngeometry isplanned andollowed during the image acquisition to
guarantegedundancy angoodintersectios between rays

Figure2 i Example of rigid Orientation Device (OD) with two plates and photogrammetric coded targets (a).The same OL
above (b) and below the waterline.

The procedure for joining the two surveys can be summarized as follows: (i) the 4 coded targets on each plate of the ODs
are previously measured order toaccurately knowhe relative position between the plates on the ODs ; (i) the ODs

are fixed on thdloating object with one plate above and one below the water level; (i) the coordinates of the targets on
the submerged plates are measured during the underwater survegalFigv) the 4 measured targets are used for
computing thesimilarity transfamation parameters to align (retanslate) each OD in the underwater reference system:

i.e., the coordinates of the targets on the emerged platesisarknown in the underwater reference system; (v) the



coordinates of the targets on the emerged platessured during the survey above the sea level and known in the
underwater system, are used for aligning the emerged part to the underwat¥ir,€frigo guarantee a reliable reference
system transformation between the two object parts, a good geodistribution and redundancy of tf@Ds on the
object is needed.

Figure 3. Targetbased pocedure for the alignment of the two separate surveys above and below the waterline.

3. FULL PHOTOGRAMMETRIC SURVEY OF A 19-FOOT MOTOR BOAT

The 19foot fiberglass boa(Fig. 1a) was chosen for testinthe proposednethodology for 3D revees modeling of
floating objects.

3.1 Camera alibration

The equipment used for the photogrammetric survey conséftad? Mpx CANON A620 (pixek i ze 2. 3em) con
grade digital camera mounted in a dedicated waterproof camera howising flat lens port(Fig. 4). A portable
volumetric rigid frame made of aluminum was" specifically built for underwater calibrations4Jiglt consists of a

cross shape with fourms holdng four triangular plates. 128 photogrammetric circular coded targets are attached on the
frame for high accuracy automatic measurements. The frame measures approximately 530 mm x 530 mm x 200 mm.
Two 1000 mm long aluminum scale bars were also tbfail the scaling of the photogrammetric underwater
measurements. The circular targets of the frame and the scale bars were accurately measured in [Bberatfergnce
coordinate system was fixed on<the rigid frawith the plane XY coinciding with he central plate of the calibration

frame (horizontal) and the Z_.axs verticdlhe average theoretical precision thie measuredarget coordinates are

Gx=0. 005 y=r@m,0 0 6 nrO.008 mmd which corresponds to an overall relative precisiaboiit1:100000.

e)

Figure 4. Consumer digital came@anon A620(a) and waterproof housingdp) used for the photogrammetric survey of thetor
boat. The alibration frame and scale b@) used for the calibration of the caméFao images used for the underwater calibratic
of the Canon A620 in shallow watef) @nd at a dpth of 4m (e) respectively



In order to investigate the calibration parthen@artomA620 di f f
was mounted n t he waterproof camera housing and calibrated
frame inFig. 4c The focal length was set to the widest available (having the camera a zoom lens), corresponding to a
nominal pringpal distance of 3. mm. The netork geometry consisted of 15 convergent poses (aveardgesecting

angle betweerpptical raysof ca. 75 degrees) at an average distance of 1 nfiiar the calibration frameA free-

network selfcalibration procedureiasused®?.

As described ifi*, for mostterrestrialapplicationssome Additional Brameters(APs) such as decentering distortion
parameters are not statistically significant for moshsumeigrade digital camera.e. compact .cameras widnzoom
lens) Neverthelessespecially for high accuracy applicationdhe statistical significance o&APs should always be
verified for each camera because it depends on the lens design anddkal centering.of lens elements case of
underwater calibrations ofideo-cameras®, decentering distortion parametecsan absorbsystematic errors whose
behaviorcannot be modeled by collinearity equation modiébreoverchanges in pressure and temperature aresh ev
more the handling of the cama itself produce instability in the camera calibration parameétershese reasons, during
the experimentations hereafteported two sets of calibratioparametes were computed (with and witht decentering
distortion parameterslor investigatinghe effect of camera handling during the underwater survey as well as the effects
cause by pressure and t@mraturechangeqfrom the waterline down to.5 metershe calibration was repeated afier
hour at different depth(i) the first calibration wasxecuted inshallow wateri.e. a depth ofbout 0.5 n{Fig. 4d), (ii)

the second was realized a depth of 4nfFig. 4€). Thesetwo different depths are.the minimum and maxmum depths the
camera is planned to be used during the underwater survey oésHeott. For each calibrationran aveage of 16
convergentimages wereacquired (averageintersecting angle of abou85 degrees) at a distance of 1.5rom the
calibration frame. In @ b | e 1 i dndervaterecalilttation parameters are regbr@libration parameters without
decentering distortiomvere used since high statistical correlations (over 97%) were found betheprincipal point
position (x, Yo) andthe tangential distortiorparametes:The results summarized irablelshow thathehandling of the
camera for a period of one hour and the different calibration/degwhnothavesignificanteffects on the calibration
parametersThe different valuesobtainedare more’likely due téhe autofocus and small variation in the camera network
configuration.

The average ratio between the focal lengths computed in underwater and dry calibrations is equal to 1.342 that
corresponds to the refractive index of sea water at 26°C and salinity of 38 g/kg. To investigate the accuracy of the digital
canera used in these gariments in underwater envirment, the 3D coordinates of the calibration frame measured in
laboratory were compared to thosetalmed from the underwater selflibration bundle adjustment. Theotomean

square error of 3D codinates measured inunderwater calibrations weresrep e ¢ t ik=vOe. | Oy4 5 G=0r024 mmj
(,=0.090 mmthatcorresponds ta relative accuracy of 1:7500

Table 1. Calibration parameters of the camera used for the suriésndf 19 Both dry and underwater calibratis are reported

Camera calibration DRY UW-4m UW-0.5m
Value Std Value Std Value Std
Focal length [mm)] 7.311 5.1e004 9.8197 0.001 9.8113 0.001
Principal Point  [mm] -0.066 1.9e004 -0.0606 3.0e004 | -0.0632 4.3e004
Principal Point y [mm] -0.0648 3.9e004 -0.0478 4.9e004 | -0.0609 6.4e004
K1 3.81E03 3.812e003 -3.12E04 8.5e006 | -2.97E04 1.4e005
K> -7.08E05 7.5e007 -7.45E05 6.7e007 -7.34E05 1.2e006

Figure 6 reports theradial distortion profies plotted fathe dry (@ and underwateb] calibrations respectivelyThe
wa t eefraconcoupled with theflat lens portof the waterproof camera housirtave the effecof drastically change
the radial distortiobehavior
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3.2 Object targeting
The 19f oo t boat iMano 190 was anchored in 6 meters of wat

About 50 photogrammetric circular coded targets were stuck both almoveedow the waterline (Figuigeb) and some
strips of circular targets were attached along the keel and the stem to determine the boalacen®aealuminum

scale barswvas attached below andnother above the waterlin@he four orientation devicesere placed aft and fore,
symmetrically on the two sides of the boat. Each orientation device has respectively one plate belogasiode the
waterline. Since the boat is made of fiberglass, targets and orientation devices were attached with a apecial w
resistant doublsided tape. The targeting operations.required circa 1 hour.

3.3 Sunwey

The photogrammetric survey consisted of two set of images of the boat taken underwater and above the waterline trying
to keep a good netwk geometry of camera statisfi. The underwaterphotogrammetric modeling of boats can be very
troublesome since to survey the bottom of the hull, photographs have to be taken pointing the camera up toward the sea
surface. In this condition the inflence of the watatispersioreffects the presence of suspension, flanel @ther optical
aberrations decrease the image quality and thdsce sensibly thaccuracy of point marking opdi@nsin the images,

hence the precision of 3D point.coordinates.

The two sets of images werei@rtedseparately. The results of the two separate surveys are sumnmiizddle 2The
coordinate reference system, defined on.the object, is shown in Figure 7a.

a) b)

Figure 7. a) Coordinate reference system for the photogrammetric survéjaod 19 b) Feature lines and points measured ai
the union of the two photogrammetric surveg)sDELFT-ship model of Mano 19

3.4 Alignment of the surveys and boat 3D modeling

In order b bring the two surveys in a unique reference fratime four orientation devices were used. The procedure
consisted in the following steps:

(i) A similarity transformationis computed to bring each of the four @Dove the waterlin@ the underwater
referencerame



(i) the operation isepeated for the photogrmetric survey above the waterline hence the 3D coordinates of the 4
points on the plates underwategreknown in therefsnce frame of the Adryo

(iii) the two separate surveysd finally32 common points thatereused to compute the similarity trafosmation
parameters to bring the surveys in a unique reference frame.

After the alignment of the two surveys the standard deviation of residuals on the platesQibslveererespectively
Oy=1. 1 ymm2,. 10 ) mmivith a maximum residuathat exceeled 4 mmin y direction This behavior is
probably due to small movements arfe ofthe orientation devicethat after the survey was found to be not firmly fixed
to the boat. Indeed,uling the survey operatienthe transit of many local ferries causedwes and frequent roll
movements of the boao, mostlikely, the plates of the orientation devices worked as<oars into the water. The rol
movement can explain the mamim residuals in y direction (starbogvdrt axs).

After the joining of the two sepata photogrammetric projects, algbal bundle adjustment was flamed andcorners,
edges and lines wereanuallymeasured for theomplete geometri@D reconstructiorof the boat (Fg7b). Feature lines
and points were finally imported in DELFTshipwfw.delftship.ne), a free hull modeler software that includes

surwv

hydrostatic calculations. The 3D photogrammetric data were used as reference for modeling a symmetrical hull

composed by subdivision surfaces (Fig. 7c).

Table 2. Main characteristics and results of the suofédfano 19

Survey parameters Underwater survey | Above water survey
N° of images 50 40
Average distanceameraobject[m] 25 25
GSD [mm] 0.6 0.8
Average intersecting angle [degree 61 67
Theoreticalmmprec 0.49 0.41
Theoreticalhmpr ec 0.57 0.26
Theoreticag[mmprec 0.56 0.17
Relative precision 1:6500 1:12000

4. FULL PHOTOGRAMMETRIC SURVEY OF THE 52 METER LONG LE AK OF THE
CRUISE SHIP iCOSTA CONCORDIAO

On the 12" of January 2012, th290 m/ongltalian cruise ship Costa Concordia partially sank off the coast of Isola del
Giglio after she struck her port side on a reef known as bdeSkfter the collision, the ship, withouheithersteering
controlnor populsive powerran aground close to th@iglio Porto harbor entrance, leaningith the starboard side
against the seafloowith a final inclination angle of about 78egrees(Fig. 8 ab). The accidentis well known
worldwide, for both the dynamics (thiemmpacthappened very close to the shoreline in very shallow watetthe tragic
consequences in terrn$ humanlives and environmental pollution
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Soon after the eventriminal proceeding were instituted for ascertaining the causes of the disa®{éhin the legal
action,we wereasked taneasure the dimensions and determine the characteristics of the leak produced by the collision
of the ship with theocks with high accuracy and neimvasive technique

The peculiarity of theequired inspectioposed nortrivial problems (i) after the grounding, the leak was situated on the
abovethe-water side of the stranded ship and extended at the current wadarliakove andt mbelow the sea surface
circa to achieve a compl arainterestedpoy the impaatampletesurvéydothsabave and
below the water was necessafijjt h e s h iwphhe leakwad ot visible from the shoreline but faced toward the
open sea: it was ngossibleneitherto measure the ship directly frothe coast nor tgignalizerandneasure control

points on the objeatith topographic methoddiii) the area to beurveyedhad an elongate shapéapproximatelye0 m
long and8 m high.

Thep r o ] equirethent to have both the above and below sed deneeyswith the same accuracy did not allbav
integrat different techniquese.g. optical methods (laser scanning, photogrammetry) for the upper part and acoustic
equipment for the underwater area. Moreover,dblision against theocks caused thehip steelplates to béheavily
deforned, with furthersmall cracks potentially occluded from a sleael pointof-view. Therefore a integratedand

unified photogrammetric survey of both parts wasriostfeasible solutiorin.order tosatisfy.the stringetly inspection
needs.

The lack of ground control elementequired a carefully planning of the entire survey. It is well known that
photogrammetric networks formed by bundle of rays may be distorted.and twisted in areas free of contf8lgraints

that t is more evident formage triangulation oélongatedstrips where systematic errors accumulated cancausea
twist of themodel

The survey was planned to guarantee a @8D5mmboth under and above the waserd it tooksix days to realize the

whole field work. A 12 Mpx Nikon D30QFig. 9 was used for' both surveymounting a 35 mm lens for the dry
photogrammetric networkhereafter indicated as ND333_dry)and a 24 mm lens for underwatgrereafter indicated

as ND30e24_uw) In the latter casehe camera was secured in.a waterproof housing (NIMAR NI36@D 95 with

dome lens portA Nikon SB700 flash in its own housing was also used to adagteexposure times and, at the same

time, correct illumination g§ufficient contrastin water.In order to reduce the scattering of the light due to the dispersed
particles between the camera and the object, the flash was mounted with a proper arm to the side of the camera housing
(Fig. 9c)

b o T
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Figure 9. Nikon D300 (a) andits waterproof housingh) used for the photogrammetric survey@dsta Concordia ship. c) Th
camera and flash in their underwater housings during the surveying operaiddalvdnized iron ODs and SBs used for t
survey of the Costa Concordia sh@ Calbration tesffield for underwater camera calibration.



4.1 Calibration of orientation devices scale bars and cameras

Five galvanized irorOrientation Devicesd@Ds) andthree galvanized iroscale bar{SBs), afterwardusedforthes hi p 6 s
survey, were previously measured with an-adc photogrammetric surveyfhe ODsare3 meter long andhavethree
Plexiglas plates with four coded targets for each plateThe SBs 2 meter longhave two Plexiglas platesat ther
extremities each with foucoded tagets(Fig. 9d).

Thecameracalibration vasrealized in two separate steps

The ND30024 uw was calibrated underwatersing a tesfield composed ofhethree previously. measurextale bars
(Fig.10b) and locatecbn the seaflooat a depth of c& meters(the largesplanned depth for the underwater survey was

ca. 4 meters A network of 26 convergent poses was realized with an average intersection angle between optical rays of
ca. 87 degreesand anaverage distancabout3 meters from the tedield. The results ofthe underwater calibration are
shown inTable 3 while Fig1lb shows the radial distortionr@files in underwater conditions

Differently from the experimenteported in SectiorB.1, for the Concordia underwater survey the waterparfiera
housing had @emispherical dome lens poithe behavior osuchdome port is very different from fldéns port: the
refraction phenomenon is significdntreducel a s
point of the camera ffes. The main consequences are: (i) the focal length doesignificantly change in underwater

conditions
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the image acquisitiomnd the average focus distance from #vdftags wasabout300.mm (that is the minimufocus
distancefor the lensused. Also in this case, a comparative. analysis between underwater and dry calibration was
realized. The average focus distance obtained from éxé of the underwater calibration wased to calibrate the
camera in dry conditiomithout the housingFrom theresults shown in FiglCa. the radial distortion profiles for dry and
underwater calibrationarevery similar in this caseThe ND30635 dry. was calibrated in air at different focus distances

to account for the variation in the surveying operative ranges:

a)

Figure 10. Radial distortiorprofiles of theND300-35_dryandND300-24_uwf o r
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Table 3. Calibration parameters of thidéikon D300 with 24 mm lensised for theunderwatersurvey. Both dry and underwater
calibrations are reported.

Camera calibration uw
parameters value std value std
Focal length [mm] 25.5782 0.002 26.222 0.002
Principal Point ¥ [mm] -0.0169 6.9e004 -0.0995 0.0aL
Principal Point y [mm] -0.1219 9.7e004 -0.0163 0.004
Ky 1.636E-006 5.7e007 1.652e004 8.0e007
Ky -1.923E-007 3.0e009 -2.921e007 5.1e009
P 0.00E+00 0.00E+00 0.00E+00 0.00E+00
P> 0.00E+00 0.00E+00 -3.478e005 1.5e006




4.2 Object targeting

The aurveyedCosta Concordighip was made of stedlherefore about 500 magnetic targé3® mm diameter and of 4
mmthick), colored in white to assure high contrast with the dark red of thewgénip fixed to thevreckin the area to be
surveyed. Thdength of thetargetedarea wasabout60m, while theheight exended from the sea level upltnabove
the water and to 4 m deep underwatewas not possible to extend the targeted area above the sesiteecthe deep
l acerations of the shipds plate mawaees gehesated tHeshaetciurmerd
(undertow). Moreover, the abotbewater part of the wreck had sufficient texture to allew automatic image
orientation procedure.

The targets were positioned by four divggy. 11a,b)to form a regular grid witlka side of ca: 75 crithis configuration
ensurel thatat leastl2magnetic targets wouldavebeenvisible on each image taken from a distancelojut3 m.

Five ODs, 3 meter longwere fixed to the ship by means of strong neodymioagnes-andevenly distibuted over the
surveyed area. Three ODs had two plates below the waterline and one @ia¥#e ODH, OD-D) (Fig. 12) The

remainingtwo ODs were fixed in the opposite way with one plate below and two above the seéOBv¥el OD-G).

Two scalebars weresecuredunderwaterone horizontall(SB-C) and one verticall(SB-A), while anotheiscalebar was
fixed above the watene (SB-B).

The whole targeting operation was accomplished by four divers in_circa two hours.

. b)
Figure12. Two images of thesameOD above(a) and kelow the waterlingb), respectively

c)

Figure 13. Underwater survey proceduia guiding in the photogrammetric image acquisition.

oper



4.3 The underwater survey

To find the ideal light conditions for the underwater survey, several testsrealized in situ at different times of the
day. The morning hours were ideal for the clarity and brightness of the water, but sunlight reflfrctiotlse ®a
surfacewere visible creatingevere troubkein measuring object poinis the images. As a consequence, the underwater
survey was carried out in the late afternoon when reflections osdh@and ship surface weagoidedwhile adequate
lighting was @&sured by using flash light. The underwater shots were taken according to a photogrammetrielilaerial
strip scheméFigure 14above):

0] four strips were realized at differedépths {4m -3m -2m and-1.5m) in different days

(i)  the shots were taketo assurea forward overlap of ca. 80¥60 cm distance along strighda sidelap of ca.
40% between two adjacent strips

(i) a meandistance ofta.3mwas maintainedrom the hullin order to assurethe necessary @3 a sufficient
contraston the hull surfae.

To imprcche\;/e the accuracy of the photogrammetric network every 5 imagesergentand rotatedohotographs were
included™.

A specific procedurewas desigred to guide the diver in taking thimagesand correctly execute thannedsurveying
schemeEad stripewas divided intdfour segments: fouplumb lines were attached to the hull with special magnets at a
longitudinaldistance of ca. 13 m from each othlercorrespondence of the first two plumb lines, two supporting divers
maintained a constant d@&ce from the hull by means of 3-m longpesattached to the ship with magnedad a
constant depth indicated by diving computéfgy. 13a and c) The two operators also stretchedope (long ca. 13m)
that assisted the diving photograplfeig. 13b): (i) the ropeindicated both the depth and distance fromghgg; (i) on

the rope presignalized marks specified the shooting psin€ompleted the first 13 m longegmentthe first diver
moved to the thirdplumb line while the second diveremainedstill in his position the photographer could stathe
second part of the strifhis procedure was repeated until the strip was completed and then reiferatiéthe strips.

4.4 The abovethe-water survey

The photogrammetric survey of the emerged parthef $hip was carried ouwtsingdifferent boats (pilot boatubber

boad having different heights above the sea level and at differentnadiesafrom the ship (from 7 to Ifeters).To
strengthen the connection between the surveys abovbelod the sea sface, the tidakffect was considered: a 25 cm

wide part of the hulivas submerged when the tide reached its maximum and was emerged with the minimumtidal value.
The surveys were executed at different times of the day and repeated in different tays ttoe common part of the

hull both in underwater and doonditions

4.5 Alignment of the surveys
The two surveys‘were first elaborated separately with aaetoimated procedure (Fig.14 and Table 3).

Each single ‘underwater strip was oriented using an atiorfeature tie point extraction operator and a bundle
adjustment.. All the four strips were then oriented in a unique reference system markirgusendtically the white
magnetic targets as tie points and performing a global bundle block adjustmertuiidlle adjustment was performed
with_selfcalibration as the camera was left in autofocus during the survey and because the camera was removed fromthe
housing every day to download the images. The calibration parameters computed using the undenfratee teste

used as approximate values in the bundle adjustment. The horizontal scale-Eang&Rised to scale the project. Only

the targets (and not the automatic feature points) were employed for the global blocklbecause the visibility of

water allowed the white targets to be visible in more images with larger intersection angles than the feature points. As
the underwater strips were executed in different days the lighting condition changed and the matehest wiways

reliable between different strips. The distribution of targets on the images was also better than the feature points.
Afterwards a dense 3D point cloud (2pts/cm) was generated for the underwater area using automatic image matching
procedures

The upper part of the ship was surveyed in different days with similar lighting conditions. All the images were
automatically oriented together and the project was scaled using the magnetic scale bar fixed to theB3 Md(S i

this case, a generbundle adjustment with sedfalibration was performed (Fig. 14) and a dense 3D point cloud was
generated (1pt/cm).
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Figure 14. Camera poses for the underwater (above) and above the sea level (below) stireey® images are not in scale.

Table3. Main characteristics and results of ®®@ st a ~Concsumeg.i a s hi pobs

Survey parameters Underwater survey [ Above water survey
N° of images 580 120
Average distance [m] 35 10
GSD [mm 0.7 15
Average intersecting angle [degree 72 20
Theoreticalmmpriec 1.15 2.06
Theoreticalmmpr ec 0.79 2.93
Theoreticag[mmprec 1.22 5.32
Relative precision 1:32,00 1:10,000

Figure 15. Aligned densepoint clouds(below and above the sea leyeBference system fabject coordinates and position of tk
ODs and SBs.

As for the Mano 1@ase studySection 3)the two separate surveys wemmbinedn a unique reference frame by using
the ODs on the hullThemost accurate results were achieved with the followinacedure:

() a similarity transformation was computed to bring the @Dthe underwater reference systesing theplates
below the sea surface. In this walsothe 3D coordinates of plageabove the waterline were known in the

underwater reference frame;



(i) analogously, a similarity transformation was computed to bring the ODs idrjfreference systemsing the
plates above the sea surface &iaging, in such a way, the platender the waterline kwon in the dry reference
frame;

(iii) the 60 common targets ohd ODs permitted to compute the similarity transformation parameters to obtain the
surveys inthe same reference system.

After the alignment of the two surveyéFig. 15)the standard deviation of residuals on the plates ofQbs were
res pecyd2umen y=A8mm, »=10.1 mm.

A further datum transformation was performed to obtain the photogrammetric model in the original reference system of
the shipds design drawings. To this end, commo rswdree at ur e
used to calculate the similarity transformation parameters.

4.6 Analyses
Thecombinedabove and undevaterresults weraised to perform several analyses, as.required by Italian’ judges:

0] The dimensions oftheul | 6 s area def or med bwre adtfaded theoldnbitudinelo n  wi
extension was d2.% m with an height of 7.22 r{Fig. 16a);

(i)  The position of thepr i nci p al l eak relatiwve to t h.dnpartlulapads de:
vertical structural element (cross section or frame 52) was chosen as referdrecieak started 33 cm abatft
the frame 52 and wea3b.8% mlong;

(iify  Other minor cracks were identified and measured; their positions relative to the framecsietermined;

(v) Themagnitude of the overall deformation.was evaluated by superimposing the photogrammetric dense point
cloud over the design CAD modet the ship- the maximum deviation was found to be in the order of ca. 3
m (Fig. 16b)

Starting from the 3D reconstructomf t"he | eak and its precise location re
specific naval analyses were realized by navalengineers (e.g. flood calculations).

5. \CONCLUSIONS

In this paper a new method for surveying floating and serbimerged objectsas been presented. The photogrammetric
procedure consists of two separate image ‘acquisition stages, one above the sea level and one underwater. The two
surveys are aligned in a unique reference frame by means of special rigid Orientation [eREpeeasured a priori in
laboratory with high accuracy. Criitaspects of the whole photogrammetric workflow have been pointed out for two

real case studies: a 6 m small pleasure boat in floating condition and a 60 m lorspkemiged leak of the stranded

Costa Concordia cruise ship. The two cases are characterized by significantly different surveying issues:

0] the first example was particularly critic since the boat, for her small dimensions, was subjected to high
frequency roll. movements;

(i) the size and the@hgated shape of the leak represented the most difficult aspect of the second test.

In both cases the proposed procedure was succesmsduiduaranted an alignment between the two surveys with a
relative accuracy. respectively of 1:2500 for the first caskB4300 for the second case.

Practical considerations such as changes in focus and field of view for a photogrammetric survey planning have been
shown for the cases of flat and dome lens port of underwater camera housings.

The reported photogrammetric thedology is replicable, accurate and reliable and allowed to derive metric results
useful for navahs well agudicial analyses.
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Figure 16. Dimensions of the deformed aree,n gt ' h of princi pal Il eak and posi t@c
Deformations of the surveyed area with respect to the theoretical shape of the area (b).

REFERENCES
[1]-Papatheodorou, G., Stefatos, A., Christodoulou, D. and FerentnoS, fA Remot e sensing in s
and marine cultural resources management : allintancien
Conference on Environmental Science and Technolergwpupolis, Syros island, Greec&/ %385 (200J).
[2] Cand ani , M., Gambogi, P. ., Ro man o, F. G. , Cannat a, G.

underwater archaeological site survey and artifact isertion. The case study of the DolianwBecikhe della
Meloria-Livorno-l t a lini. &rchives of the Photogrammetry, Remote SensingdeSpatial Information Sciences
Vol. 34(6/W12, 95100 (2004).

[3] Drap, P., Seinturier,J., Scaradozzi, DGambogi,P., Long, L., Gauch,F . Photéigrammetry for virtual exploration
of underwater archaeological site®roc. XXl CIPA Symposium, Athens, Gree¢2005).

[4] Skarlatos, D., Demestiha, S. amdparissi, S, AAn '‘open’ method for 3D modelling and mapping in underwater
archaeological sitesfinternational Journal of Heritage the Ogital Era, Vol. 1(1), (2012)



