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ABSTRACT   

The article presents an innovative methodology for the 3D surveying and modeling of floating and semi-submerged 

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 methodology is firstly applied to a 

small pleasure boats (approximately 6 meters long) - hence a free floating case - and then to a large shipwreck (almost 

300 meters long) interested by a 52 m long leak at the waterline. The article covers the entire workflow, starting from the 

camera calibration and data acquisition down to the assessment of the achieved accuracy, the realization of the digital 3D 

model by means of dense image matching procedures as well as deformation analyses and comparison with the craft 

original plane. 
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1. INTRODUCTION   

Underwater sea inspections have gained more and more importance and, thanks to the last developments in technology 

and equipment, have become increasingly usual. The growing number of applications in underwater surveying can be 

classified according to different criteria. A first coarse classification is based on the ñmediumò (or media) where the 

survey is carried out. If the object of interest is completely submerged, a pure underwater survey is realized, if the object 

is partially submerged, a combined under and above water inspection must be carried out. In case of completely 

submerged objects, a finer classification distinguishes that object and surveying equipment are in the same media (e.g. 

water) or in different media (e.g. under and above the water surface). The two larger application fields of underwater 

surveying are archeology and engineering. Typical examples are seafloor feature detection for archeological heritage 

location and modeling (e.g. prehistoric settlements, shipwrecks
1,
, amphorae and other objects

2-4
), for hydrographic and 

bathymetric measurements (e.g. depth determination, seafloor mapping), underwater pipeline and cables survey and 

control. Marine biology and ecological applications require the measurement of moving species in underwater 

environments
5
 while fishing activity involves the identification of schools. Combined under and above water surveys are 

mostly required for engineering inspections of offshore structures, harbors, piers, quays, etc.  

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

Different surveying techniques are employed for underwater applications, mainly distinguishable in acoustic (single 

beam echo sounder (SBES), multibeam echo sounder (MBES) and side scan sonar
6,7

) and optical methods (laser 

scanning, photogrammetry
8
, structured light systems

9
). An integration of two techniques is usually adopted when the 

survey requires to merge information from above and below the waterline
10-12

. Adopting this solution the achievable 

accuracy strongly depends on the complementary technologies, i.e. positioning and ship motion inertial measuring 

systems (GNSS+IMU). 

In this contribution, an innovative methodology is presented for the 3D surveying (and modeling) of floating and semi-

submerged objects Photogrammetry is used for surveying both the submerged and emerged parts of the object and the 

two surveys are combined together by means of special rigid orientation devices. 
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The proposed methodology was firstly applied to a small pleasure boat (approximately 6 meters long) - hence a free 

floating case (Fig. 1a) - and then to a large shipwreck, the Costa Concordia stranded wreck (almost 300 meters long), 

interested by a 52 m long leak at the waterline (Fig. 1b). 

a) b) 

  
Figure 1. Case studies reported in the paper: a small floating pleasure boat (a); the Costa Concordia wreck seen from a ferryboat 
entering in Giglio Porto harbor, Italy (b). 

 

1.1 Underwater photogrammetry 

Photogrammetry is a well-established image-based technique for sceneôs 3D reconstruction at very different scales. 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 to ships, hull parts, appendages, etc. 

outside the water, in dry or floating docks, ports, naval basins. One of the main advantages of the photogrammetric 

technique resides in its flexibility: in shallow waters divers employ photogrammetric systems for mapping archeological 

sites, monitoring fauna population, surveying shipwrecks. In deep waters Remotely Operated Vehicles (ROV) equipped 

with a variable number of cameras extend the depth range of underwater inspections. Collecting photos that capture the 

actual situation 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 possible to obtain high resolution 3D model. Environmental conditions strongly influence the performances of 

photogrammetric systems. In particular, waterôs turbidity is a critical factor that limits the achievable absolute accuracy. 

Indeed, the overall image contrast decreases when the water is not limpid, reducing the 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 photogrammetric workflow 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 50 years
8
. Refraction of the 

light beam through the different media (water, glass and air) introduces a refraction error that have to be accounted for in 

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 the rigorous geometric interpretation of light 

propagation in multimedia (camera housing-water), also known as ray tracing approach
13

; (ii) the refractive effect of the 

different interfaces is absorbed by camera calibration parameters using a standard pinhole camera model and a terrestrial-

like self-calibration approach
14

. 

The advantage of the first approach is that the camera can be calibrated out of the water but requires the refractive 

indices of the air-glass and glass-water interfaces to be assumed or directly measured
15

. The refractive index of water is 

known to change with depth, temperature and salinity
16

 and the shape of the camera housing port (flat or hemispherical 

dome) may change with depth due to changing pressure levels. Multi-media bundle approaches, where refractive indices 

can be introduced as unknowns, have also been proposed; the method is particularly suited for Particle Image 

Velocimetry (PIV) applications and needs to be tested in underwater environment. The rigorous ray-tracing methods are 

interesting but the bundle adjustment cannot be applied using traditional software designed for terrestrial surveys. 



 
 

 

 

 

 

The second approach has the disadvantage that cameras need to be calibrated underwater, under prevailing surveying 

conditions (depth) and at the specific working distance. In this case, standard photogrammetric calibration software can 

be employed for calibrating the imaging system considered as a unique 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 configuration is concerned, the use of synchronized stereo-cameras with a known baseline relieves 

from the use of additional equipment for the scale definition problem. This is a significant advantage, for example, for 

underwater inspection realized with ROV. 

To the authorôs knowledge, 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 of a wider project 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 Foundation (FBK) in 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 in this field. 

Interested readers can found in
17-21

 more detailed description of previous case studies realized within the OPTIMMA 

framework. 

2. THE PROPOSED METHODOLOGY 

The innovation of the proposed method consists in performing two separate photogrammetric surveys (below and 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 (Fig. 2a). The devices consist in rigid rods whose length 

depends on the dimensions of the object to be surveyed. On each rod, a certain number of Plexiglas water-proof plates 

with circular photogrammetric targets were attached to and their coordinates were precisely measured in laboratory. The 

number of plates varies according to the dimension of the surveyed object. Usually 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 level (Fig. 2b,c). Two photogrammetric surveys are carried out separately in the two media, one for underwater 

part and another for the upper part of the object. Within the surveys the targets of the ODs are measured respectively 

above and below the sea level. A good network geometry is planned and followed during the image acquisition to 

guarantee redundancy and good intersections between rays.  

 
a)

 

b)

 

c)

 

Figure 2 ï Example of rigid Orientation Device (OD) with two plates and photogrammetric coded targets (a).The same OD imaged 

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 in order to accurately know the relative position between the plates on the ODs ; (ii) the ODs 

are fixed on the floating object with one plate above and one below the water level; (iii) the coordinates of the targets on 

the submerged plates are measured during the underwater survey (Fig. 3a); (iv) the 4 measured targets are used for 

computing the similarity transformation parameters to align (roto-translate) each OD in the underwater reference system: 

i.e., the coordinates of the targets on the emerged plates are also known in the underwater reference system; (v) the 



 
 

 

 

 

 

coordinates of the targets on the emerged plates, measured during the survey above the sea level and known in the 

underwater system, are used for aligning the emerged part to the underwater (Fig. 3b,c). To guarantee a reliable reference 

system transformation between the two object parts, a good geometric distribution and redundancy of the ODs on the 

object is needed. 

a)  
b)  c)  

Figure 3. Target-based procedure for the alignment of the two separate surveys above and below the waterline. 

 

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

The 19-foot fiberglass boat (Fig. 1a) was chosen for testing the proposed methodology for 3D reverse modeling of 

floating objects. 

3.1 Camera calibration  

The equipment used for the photogrammetric survey consisted of a 7 Mpx CANON A620 (pixel size 2.3ɛm) consumer-

grade digital camera mounted in a dedicated waterproof camera housing with a flat lens port (Fig. 4). A portable 

volumetric rigid frame made of aluminum was specifically built for underwater calibrations (Fig. 4c). It consists of a 

cross shape with four arms holding 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 built for the scaling of the photogrammetric underwater 

measurements. The circular targets of the frame and the scale bars were accurately measured in laboratory. The reference 

coordinate system was fixed on the rigid frame with the plane XY, coinciding with the central plate of the calibration 

frame (horizontal) and the Z axis vertical. The average theoretical precision of the measured target coordinates are 

ůX=0.005 mm, ůY=0.006 mm and ůZ=0.009 mm which corresponds to an overall relative precision of about 1:100,000.  

a)  b)  

c)  d)  e)  

Figure 4. Consumer digital camera Canon A620 (a) and waterproof housing (b) used for the photogrammetric survey of the motor 

boat. The calibration frame and scale bar (c) used for the calibration of the camera. Two images used for the underwater calibrations 

of the Canon A620 in shallow water (d) and at a depth of 4m (e) respectively. 

 



 
 

 

 

 

 

In order to investigate the calibration parameters differences between ñdryò and underwater calibrations, the Canon A620 

was mounted in the waterproof camera housing and calibrated in ñdryò conditions in laboratory using the calibration 

frame in Fig. 4c. The focal length was set to the widest available (having the camera a zoom lens), corresponding to a 

nominal principal distance of 7.3 mm. The network geometry consisted of 15 convergent poses (average intersecting 

angle between optical rays of ca. 75 degrees) at an average distance of 1 meter from the calibration frame. A free-

network self-calibration procedure was used
22,23

. 

As described in
24

, for most terrestrial applications some Additional Parameters (APs) such as decentering distortion 

parameters are not statistically significant for most consumer-grade digital cameras (i.e. compact cameras with a zoom 

lens). Nevertheless, especially for high accuracy applications, the statistical significance of APs should always be 

verified for each camera because it depends on the lens design and the co-axial centering of lens elements. In case of 

underwater calibrations of video-cameras
14

, decentering distortion parameters can absorb systematic errors whose 

behavior cannot be modeled by collinearity equation model. Moreover changes in pressure and temperature and even 

more the handling of the camera itself produce instability in the camera calibration parameters. For these reasons, during 

the experimentations hereafter reported, two sets of calibration parameters were computed (with and without decentering 

distortion parameters). For investigating the effect of camera handling during the underwater survey as well as the effects 

caused by pressure and temperature changes (from the waterline down to 5 meters), the calibration was repeated after 1 

hour at different depth: (i) the first calibration was executed in shallow water, i.e. a depth of about 0.5 m (Fig. 4d), (ii) 

the second was realized at a depth of 4m (Fig. 4e). These two different depths are the minimum and maximum depths the 

camera is planned to be used during the underwater survey of the test-boat. For each calibration, an average of 16 

convergent images were acquired (average intersecting angle of about 85 degrees) at a distance of 1.5 m from the 

calibration frame. In Table 1ñdryò and underwater calibration parameters are reported. Calibration parameters without 

decentering distortion were used since high statistical correlations (over 97%) were found between the principal point 

position (x0, y0) and the tangential distortion parameters. The results summarized in Table 1show that the handling of the 

camera for a period of one hour and the different calibration depths do not have significant effects on the calibration 

parameters. The different values obtained are more likely due to the 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 

camera used in these experiments in underwater environment, the 3D coordinates of the calibration frame measured in 

laboratory were compared to those obtained from the underwater self-calibration bundle adjustment. The root mean 

square error of 3D coordinates measured in underwater calibrations were respectively ůX=0.045 mm, ůY=0.024 mm, 

ůZ=0.090 mm that corresponds to a relative accuracy of 1:7500. 

 

Table 1. Calibration parameters of the camera used for the survey of Manò 19. Both dry and underwater calibrations are reported.  

Camera calibration DRY UW-4m UW-0.5m 
Value Std Value Std Value Std 

Focal length [mm] 7.311 5.1e-004 9.8197 0.001 9.8113 0.001 

Principal Point x0 [mm] -0.066 1.9e-004 -0.0606 3.0e-004 -0.0632 4.3e-004 

Principal Point y0 [mm] -0.0648 3.9e-004 -0.0478 4.9e-004 -0.0609 6.4e-004 

K1 3.81E-03 3.812e-003 -3.12E-04 8.5e-006 -2.97E-04 1.4e-005 

K2 -7.08E-05 7.5e-007 -7.45E-05 6.7e-007 -7.34E-05 1.2e-006 

 

Figure 6 reports the radial distortion profiles plotted for the dry (a) and underwater (b) calibrations, respectively. The 

waterôs refraction coupled with the flat lens port of the waterproof camera housing have the effect of drastically change 

the radial distortion behavior.  



 
 

 

 

 

 

a)  b)  

Figure 6. Radial distortion profiles for ñdryò calibration (a) and underwater calibration (b). 

 

3.2 Object targeting 

The 19-foot boat ñMano 19ò was anchored in 6 meters of water along the coast of Procida island in the gulf of Naples. 

About 50 photogrammetric circular coded targets were stuck both above and below the waterline (Figure 7a-b) and some 

strips of circular targets were attached along the keel and the stem to determine the boat centre-plane. One aluminum 

scale bars was attached below and another above the waterline. The four orientation devices were placed aft and fore, 

symmetrically on the two sides of the boat. Each orientation device has respectively one plate below and one above the 

waterline. Since the boat is made of fiberglass, targets and orientation devices were attached with a special water 

resistant double-sided tape. The targeting operations required circa 1 hour. 

3.3 Survey 

The photogrammetric survey consisted of two set of images of the boat taken underwater and above the waterline trying 

to keep a good network geometry of camera stations
25

. The underwater photogrammetric 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 influence of the water dispersion effects, the presence of suspension, flare and other optical 

aberrations decrease the image quality and thus reduce sensibly the accuracy of point marking operations in the images, 

hence the precision of 3D point coordinates. 

The two sets of images were oriented separately. The results of the two separate surveys are summarized in Table 2.The 

coordinate reference system, defined on the object, is shown in Figure 7a. 

a) b) c) 

   
Figure 7. a) Coordinate reference system for the photogrammetric survey of Manò 19. b) Feature lines and points measured after 

the union of the two photogrammetric surveys. c) DELFT-ship model of Manò 19. 

 

3.4 Alignment of the surveys and boat 3D modeling 

In order to bring the two surveys in a unique reference frame, the four orientation devices were used. The procedure 

consisted in the following steps: 

(i)  A similarity transformation is computed to bring each of the four OD above the waterline in the underwater 

reference frame.  



 
 

 

 

 

 

(ii)  the operation is repeated for the photogrammetric survey above the waterline hence the 3D coordinates of the 4 

points on the plates underwater were known in the reference frame of the ñdryò survey. 

(iii)  the two separate surveys had finally 32 common points that were used to compute the similarity transformation 

parameters to bring the surveys in a unique reference frame.  

After the alignment of the two surveys the standard deviation of residuals on the plates of the ODs were respectively 

ůX=1.1 mm, ůY=2.1 mm, ůZ=0.9 mm with a maximum residual that exceeded 4 mm in y direction. This behavior is 

probably due to small movements of one of the orientation devices that after the survey was found to be not firmly fixed 

to the boat. Indeed, during the survey operations, the transit of many local ferries caused waves and frequent roll 

movements of the boat so, most likely, the plates of the orientation devices worked as oars into the water. The roll 

movement can explain the maximum residuals in y direction (starboard-port axis). 

After the joining of the two separate photogrammetric projects, a global bundle adjustment was performed and corners , 

edges and lines were manually measured for the complete geometric 3D reconstruction of the boat (Fg. 7b). Feature lines 

and points were finally imported in DELFTship (www.delftship.net), a free hull modeler software that includes 

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 survey of Manò 19. 

Survey parameters Underwater survey Above water survey 
N° of images 50 40 

Average distance camera-object [m] 2.5 2.5 

GSD [mm] 0.6 0.8 

Average intersecting angle [degrees] 61 67 

Theoretical precision ůX [mm] 0.49 0.41 

Theoretical precision ůY [mm] 0.57 0.26 

Theoretical precision ůZ [mm] 0.56 0.17 

Relative precision 1:6500 1:12,000 

 

4. FULL PHOTOGRAMMETRIC  SURVEY OF THE 52 METER LONG LE AK OF THE 

CRUISE SHIP ñCOSTA CONCORDIAò 

On the 12
th

 of January 2012, the 290 m long Italian cruise ship Costa Concordia partially sank off the coast of Isola del 

Giglio after she struck her port side on a reef known as Le Scole. After the collision, the ship, without neither steering 

control nor propulsive power, ran aground close to the Giglio Porto harbor entrance, leaning with the starboard side 

against the seafloor with a final inclination angle of about 70 degrees (Fig. 8 a-b). The accident is well known 

worldwide, for both the dynamics (the impact happened very close to the shoreline in very shallow water) and the tragic 

consequences in terms of human lives and environmental pollution. 

a)  
b)  

Figure 8. The shipôs route after the collision with the reef (a). The profile of stranded wreck (b).  

(Source: http://en.wikipedia.org/wiki/Costa_Concordia_disaster).  

http://www.delftship.net/
http://en.wikipedia.org/wiki/Costa_Concordia_disaster


 
 

 

 

 

 

Soon after the event, criminal proceedings were  instituted for ascertaining the causes of the disaster. Within the legal 

action, we were asked to measure the dimensions and determine the characteristics of the leak produced by the collision 

of the ship with the rocks, with high accuracy and non-invasive technique. 

The peculiarity of the required inspection posed non-trivial problems: (i) after the grounding, the leak was situated on the 

above-the-water side of the stranded ship and extended at the current waterline 4 m above and 4 m below the sea surface 

circa: to achieve a complete inspection of the shipôs area interested by the impact a complete survey both above and 

below the water was necessary; (ii) the shipôs side with the leak was not visible from the shoreline but faced toward the 

open sea: it was not possible neither to measure the ship directly from the coast nor to signalize and measure control 

points on the object with topographic methods; (iii) the area to be surveyed had an elongate shape of approximately 60 m 

long and 8 m high. 

The projectôs requirement to have both the above and below sea level surveys with the same accuracy did not allow to 

integrate different techniques, e.g. optical methods (laser scanning, photogrammetry) for the upper part and acoustic 

equipment for the underwater area. Moreover, the collision against the rocks caused the ship steel plates to be heavily 

deformed, with further small cracks potentially occluded from a sea-level point-of-view. Therefore an integrated and 

unified photogrammetric survey of both parts was the most feasible solution in order to satisfy the stringently inspection 

needs. 

The lack of ground control elements required 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 control points
26

 and 

that it is more evident for image triangulation of elongated strips where systematic errors accumulate and can cause a 

twist of the model. 

The survey was planned to guarantee a GSD of 1.5 mm both under and above the water and it took six days to realize the 

whole field work. A 12 Mpx Nikon D300 (Fig. 9) was used for both surveys mounting a 35 mm lens for the dry 

photogrammetric network (hereafter indicated as ND300-35_dry) and a 24 mm lens for underwater (hereafter indicated 

as ND300-24_uw). In the latter case, the camera was secured in a waterproof housing (NIMAR NI300D, Fig. 9b) with 

dome lens port. A Nikon SB700 flash in its own housing was also used to assure fast exposure times and, at the same 

time, correct illumination (sufficient contrast) in 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).  

a)  b)  c)  

d)  e)  

Figure 9. Nikon D300 (a) and its waterproof housing (b) used for the photogrammetric survey of Costa Concordia ship. c) The 
camera and flash in their underwater housings during the surveying operations; d) Galvanized iron ODs and SBs used for the 

survey of the Costa Concordia ship. e) Calibration test field for underwater camera calibration.  

 



 
 

 

 

 

 

4.1 Calibration  of orientation devices, scale bars and cameras 

Five galvanized iron Orientation Devices (ODs) and three galvanized iron scale bars (SBs), afterward used for the shipôs 

survey, were previously measured with an ad-hoc photogrammetric survey. The ODs are 3 meter long and have three 

Plexiglas plates with four coded targets for each plate. The SBs, 2 meter long, have two Plexiglas plates at their 

extremities, each with four coded targets (Fig. 9d). 

The camera calibration was realized in two separate steps. 

The ND300-24_uw was calibrated underwater using a test field composed of the three previously measured scale bars 

(Fig.10b) and located on the seafloor at a depth of ca. 5 meters (the largest planned 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 degrees and an average distance about 3 meters from the test field. The results of the underwater calibration are 

shown in Table 3 while Fig. 11b shows the radial distortion profiles in underwater conditions. 

Differently from the experiment reported in Section 3.1, for the Concordia underwater survey the waterproof camera 

housing had a hemispherical dome lens port. The behavior of such dome port is very different from flat lens port: the 

refraction phenomenon is significantly reduced as much as the hemispherical domeôs center coincides with the nodal 

point of the camera lens. The main consequences are: (i) the focal length does not significantly change in underwater 

conditions; (ii) the lens retains the ñdryò angle of view; (iii) the focus distance significantly changes - optically, a ñvirtual 

imageò is created some feet away from the image plane. Because of this effect, the focus distance was not locked during 

the image acquisition and the average focus distance from the exif tags was about 300 mm (that is the minimum focus 

distance for the lens used). Also in this case, a comparative analysis between underwater and dry calibration was 

realized. The average focus distance obtained from the exif of the underwater calibration was used to calibrate the 

camera in dry condition without the housing. From the results shown in Fig. 10a. the radial distortion profiles for dry and 

underwater calibrations are very similar in this case. The ND300-35_dry was calibrated in air at different focus distances 

to account for the variation in the surveying operative ranges. 

a)  b)  

Figure 10. Radial distortion profiles of the ND300-35_dry and ND300-24_uw for ñdryò (a) and underwater calibrations (b). 

 

Table 3. Calibration parameters of the Nikon D300 with 24 mm lens used for the underwater survey. Both dry and underwater 

calibrations are reported. 

Camera calibration 
parameters 

DRY  UW  
value std value std 

Focal length [mm] 25.5782 0.002 26.2227 0.002 

Principal Point x0 [mm] -0.0169 6.9e-004 -0.0995 0.001  

Principal Point y0 [mm] -0.1219 9.7e-004 -0.0163 0.004 

K1 1.636E-006 5.7e-007 1.652e-004 8.0e-007 

K2 -1.923E-007 3.0e-009 -2.921e-007 5.1e-009 

P1 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

P2 0.00E+00 0.00E+00 -3.478e-005 1.5e-006 

 



 
 

 

 

 

 

4.2 Object targeting 

The surveyed Costa Concordia ship was made of steel. Therefore about 500 magnetic targets (30 mm diameter and of 4 

mm thick), colored in white to assure high contrast with the dark red of the ship, were fixed to the wreck in the area to be 

surveyed. The length of the targeted area was about 60m, while the height extended from the sea level up to 1m above 

the water and to 4 m deep underwater. It was not possible to extend the targeted area above the sea level since the deep 

lacerations of the shipôs plate made the targeting operation unsafe, especially with waves generated by the shore current 

(undertow). Moreover, the above-the-water part of the wreck had sufficient texture to allow an automatic image 

orientation procedure.  

The targets were positioned by four divers (Fig. 11a,b) to form a regular grid with a side of ca. 75 cm. This configuration 

ensured that at least 12 magnetic targets would have been visible on each image taken from a distance of about 3 m. 

Five ODs, 3 meter long, were fixed to the ship by means of strong neodymium magnets and evenly distributed over the 

surveyed area. Three ODs had two plates below the waterline and one above (OD-E, OD-H, OD-D) (Fig. 12). The 

remaining two ODs were fixed in the opposite way with one plate below and two above the sea level (OD-F, OD-G). 

Two scale bars were secured underwater, one horizontally (SB-C) and one vertically (SB-A), while another scale bar was 

fixed above the waterline (SB-B). 

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

a)  b)  c)  

Figure 11: The Costa Concordia wreck targeting operation. 

 

a)   b)  

Figure 12. Two images of the same OD above (a) and below the waterline (b), respectively. 

 

a) b) c) 

   

Figure 13. Underwater survey procedure for guiding in the photogrammetric image acquisition. 

 



 
 

 

 

 

 

4.3 The underwater survey 

To find the ideal light conditions for the underwater survey, several tests were realized in situ at different times of the 

day. The morning hours were ideal for the clarity and brightness of the water, but sunlight reflections from the sea 

surface were visible creating severe troubles in measuring object points in the images. As a consequence, the underwater 

survey was carried out in the late afternoon when reflections on the sea and ship surface were avoided while adequate 

lighting was assured by using a flash light. The underwater shots were taken according to a photogrammetric aerial-like 

strip scheme (Figure 14-above): 

(i)  four strips were realized at different depths (-4m, -3m, -2m and -1.5m) in different days; 

(ii)  the shots were taken to assure a forward overlap of ca. 80% (50 cm distance along strip) and a sidelap of ca. 

40% between two adjacent strips 

(iii)  a mean distance of ca. 3m was maintained from the hull in order to assure the necessary GSD and a sufficient 

contrast on the hull surface. 

To improve the accuracy of the photogrammetric network every 5 images, convergent and rotated photographs were 

included
26

. 

A specific procedure was designed to guide the diver in taking the images and correctly execute the planned surveying 

scheme. Each stripe was divided into four segments: four plumb lines were attached to the hull with special magnets at a 

longitudinal distance of ca. 13 m from each other. In correspondence of the first two plumb lines, two supporting divers 

maintained a constant distance from the hull by means of 3 m long ropes attached to the ship with magnets and a 

constant depth indicated by diving computers (Fig. 13 a and c). The two operators also stretched a rope (long ca. 13m) 

that assisted the diving photographer (Fig. 13 b): (i) the rope indicated both the depth and distance from the ship; (ii) on 

the rope, pre-signalized marks specified the shooting points. Completed the first 13 m long segment, the first diver 

moved to the third plumb line while the second diver remained still  in his position; the photographer could start the 

second part of the strip. This procedure was repeated until the strip was completed and then reiterated for all the strips. 

4.4 The above-the-water survey 

The photogrammetric survey of the emerged part of the ship was carried out using different boats (pilot boat, rubber 

boat) having different heights above the sea level and at different distances from the ship (from 7 to 12 meters). To 

strengthen the connection between the surveys above and below the sea surface, the tidal effect was considered: a 25 cm 

wide part of the hull was submerged when the tide reached its maximum and was emerged with the minimum tidal value. 

The surveys were executed at different times of the day and repeated in different days to have the common part of the 

hull both in underwater and dry conditions. 

4.5 Alignment of the surveys 

The two surveys were first elaborated separately with a semi-automated procedure (Fig.14 and Table 3).  

Each single underwater strip was oriented using an automatic feature tie point extraction operator and a bundle 

adjustment. All the four strips were then oriented in a unique reference system marking semi-automatically the white 

magnetic targets as tie points and performing a global bundle block adjustment. The bundle adjustment was performed 

with self-calibration as the camera was left in autofocus during the survey and because the camera was removed from the 

housing every day to download the images. The calibration parameters computed using the underwater test frame were 

used as approximate values in the bundle adjustment. The horizontal scale bar (SB-C) was used to scale the project. Only 

the targets (and not the automatic feature points) were employed for the global bundle block because 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 matches were not always 

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 the ship (SB-B). Also in 

this case, a general bundle adjustment with self-calibration was performed (Fig. 14) and a dense 3D point cloud was 

generated (1pt/cm).  



 
 

 

 

 

 

 

 

Figure 14. Camera poses for the underwater (above) and above the sea level (below) surveys - the two images are not in scale. 

 
Table 3. Main characteristics and results of the Costa Concordia shipôs survey. 

Survey parameters Underwater survey Above water survey 
N° of images 580 120 

Average distance [m] 3.5 10 

GSD [mm] 0.7 1.5 

Average intersecting angle [degrees] 72 20 

Theoretical precision ůX [mm] 1.15 2.06 

Theoretical precision ůY [mm] 0.79 2.93 

Theoretical precision ůZ [mm] 1.22 5.32 

Relative precision 1:32,000 1:10,000 

 

 
Figure 15. Aligned dense point clouds (below and above the sea level), reference system for object coordinates and position of the 

ODs and SBs. 

 

As for the Manò 19 case study (Section 3), the two separate surveys were combined in a unique reference frame by using 

the ODs on the hull. The most accurate results were achieved with the following procedure:  

(i)  a similarity transformation was computed to bring the ODs in the underwater reference system using the plates 

below the sea surface. In this way, also the 3D coordinates of plates above the waterline were known in the 

underwater reference frame;  



 
 

 

 

 

 

(ii)  analogously, a similarity transformation was computed to bring the ODs in the dry reference system using the 

plates above the sea surface and having, in such a way, the plates under the waterline kwon in the dry reference 

frame; 

(iii)  the 60 common targets on the ODs permitted to compute the similarity transformation parameters to obtain the 

surveys in the same reference system. 

After the alignment of the two surveys (Fig. 15) the standard deviation of residuals on the plates of the ODs were 

respectively ůX=7.2 mm, ůY=4.1 mm, ůZ=11.1 mm. 

A further datum transformation was performed to obtain the photogrammetric model in the original reference system of 

the shipôs design drawings. To this end, common features visible both in the shipôs plants and on the photographs were 

used to calculate the similarity transformation parameters. 

4.6 Analyses 

The combined above and under water results were used to perform several analyses, as required by Italian judges: 

(i)  The dimensions of the hullôs area deformed by the collision with the reef were extracted - the longitudinal 

extension was of 52.95 m with an height of 7.22 m (Fig. 16a); 

(ii)  The position of the principal leak relative to the shipôs design drawings was determined. In particular, a 

vertical structural element (cross section or frame 52) was chosen as reference -  the leak started 33 cm abaft 

the frame 52 and was 35.86 m long; 

(iii)  Other minor cracks were identified and measured; their positions relative to the frame 52 were determined; 

(iv)  The magnitude of the overall deformation was evaluated by superimposing the photogrammetric dense point 

cloud over the design CAD model of the ship - the maximum deviation was found to be in the order of ca. 3 

m (Fig. 16b). 

Starting from the 3D reconstruction of the leak and its precise location relative to the shipôs design drawings, more 

specific naval analyses were realized by naval engineers (e.g. flood calculations). 

 

5. CONCLUSIONS 

In this paper a new method for surveying floating and semi-submerged objects has 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 Devices (ODs) measured a priori in 

laboratory with high accuracy. Critical aspects 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 long semi-submerged leak of the stranded 

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

(i)  the first example was particularly critic since the boat, for her small dimensions, was subjected to high 

frequency roll movements; 

(ii)  the size and the elongated shape of the leak represented the most difficult aspect of the second test. 

In both cases the proposed procedure was successful and guaranteed an alignment between the two surveys with a 

relative accuracy respectively of 1:2500 for the first case and 1:4300 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 methodology is replicable, accurate and reliable and allowed to derive metric results 

useful for naval as well as judicial analyses. 
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Figure 16. Dimensions of the deformed area, length of principal leak and position of minor cracks relative to shipôs frame 52 (a). 

Deformations of the surveyed area with respect to the theoretical shape of the area (b). 
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