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Abstract - The relief of the seafloor is an important source of data foiseafloor.

many scientists. In this paper we present an optical system to deal

with underwater 3D reconstruction of complex scenes. This systemis Il. DESCRIPTION OF THE IMAGE ACQUISITION

formed by three cameras that take images synchronously at a constant SYSTEM

frame rate. We use the images taken by these cameras to build dense

3D reconstructions that will provide detailed information about the The light is attenuated by the medium where it is going
structure of the observed scene. We use a stereo tracking systtrmugh. Our system works in an underwater environment, so
to estimate the motion of the trinocular rig through the recordedve have to bear in mind that when light propagates through
sequence and we later apply a Bundle Adjustment refinement to tadluid, its intensity decreases following an exponentiaiaye
computed trajectory to minimize the accumulated drift. Using thé&his fact is caused by the phenomena of absorption and scatte
obtained trajectory, we generate a dense map of the observed scéng. Given these poor lightning conditions, the camerasuin o
by registering the different dense local reconstructions in a uniqugnage capturing system must have high light sensitivityr Fo

and composite 3D map representing the entire surveyed area. this reason, we have selected three Rolera XR cameras for our
system. Their pixel sizel8.7 x 13.7um) provides a very good
Keywords - 3D motion, 3D reconstruction, trinocular system. light sensitivity. Additionally, we decided to use a Schiweris
F1.2 optics to minimize light absorption in the lenses.
I. INTRODUCTION The image acquisition system, hereafter caliedocular

system, is basically composed by three cameras, a progessin
The seafloor is one of the most unexplored areas of thait (a standard PC) to control the image acquisition preces
world. Underwater images are a very rich source of datand inputs of the user, two hard-drives to store the imagds an
for scientists who study biological and geological proesss an optional LCD screen for user visual feedback. All these el
in these areas. Among other uses, underwater imagery caments are encapsulated inside four cylindrical steelabont
be used to construct composite images, referred to as phoess: one for the processing unit and one for each camera. This
mosaics. trinocular system was designed to be operated in two ways: (i
Photo-mosaics [4] are widely used in many different studynanipulated by a scuba diver, who will interact with the sys-
areas such as geological surveys, mapping, detection pitemtem using a set of buttons (reed switches), or (ii) coupleahto
ral changes in benthic communities, etc. Up to date, masgici underwater robot. Fig. 1 illustrates the trinocular systemits
has been extensively carried out in 2D, providing a highlteso scuba diver configuration.
tion map of the surveyed area. However, most of the regions of The images taken by the 3 cameras serve as input for a
interest for the scientific community are located in areak wi stereo reconstruction algorithm. For this reason, it ishef t
3-dimensional relief. utmost importance that the cameras capture the images in a
Traditionally, acoustic systems such as multibeam sonasgnchronized fashion. In order to achieve this goal, we lise t
are used to estimate the 3D relief of the seafloor. Althougstandard Parallel Port of the processing unit to simultaskgo
they provide satisfactory results, they are intended fareegal  drive three trigger signals. By means of additional cinguit
modeling of the seafloor relief, but their resolution (in thder  these signals are buffered and distributed to the triggergio
of meters) is far from that obtained using video camerasdup each camera.
the order of millimetres).
In this paper we present an optical system aimed to model lll. IMAGE PROCESSING
complex 3D structures of the ocean floor. Compared to the
multibeam sonar, this system is intended for obtaining a&emoA. Epipolar Geometry
detailed 3D reconstruction of the surveyed area. It willie t
basis for automatic detection of changes in the morpholdgy o The most important part in a 3D reconstruction algorithm
many underwater objects in the future, allowing the undérst based on stereo images is the detection of image correspon-
ing of geologic, tectonic and sedimentologic processehén t dences. A correspondence is a pair of points, one in each im-



ously defined set of reliable correspondences from thefiegtti
left and right image pair, along with their correspondingeo
lation score. At each iteration, we extract the correspooee
with the maximum correlation score and we open a window
with a predefined size around each point in the left and right
(a) General view (b) Frontview (c) Back view images. Then, for each pixel within the left image window,
we open a second window around its correspondent position
_ _ _ _ in the right image window. This second window is defined
Fig. 1. Images of the trinocular system'’s final version. by a tolerance threshold for the epipolar line (height) aisd d

hich h -  th 3 _pariti tolerance threshold (width). Given the pixels in ta#
age, which represents the projections of the same 3D poiy age, we compute their correlation score with the ones from

Solving the correspondence problem allows the recon#bruct the second window in the right image. The pixel pairs with a

of this point in 3D, by using a _stereo trlaljgulatlon. correlation score higher than a given threshold are coreside
In o_rder to get_the 3D position of a pq|r_1t, the stere(_) SYSte@s valid correspondences. The remaining pixel pairs aengiv

!’““.S‘ f|rst be calibrated, hence determining the extrinst ar, second chancecomputed their correlation score with their
Intrinsic camera parameters [3]. . redicted position in the third image. We do this second khec

. When a pair of cameras are Iookmg at th.e same scene f"ﬁ@cause the correspondence search process using corréati
different points of view, there is a relationship betweea3 oo nqifive 1o illumination and camera view point changes.
points and their 2D projections. This results in a serieeof r Given that we only know the position in the left and right
strictions given by thepipolar geometry5]. Basically, given image of the three cameras, we need to compute the position
a point location in one image, its matching position in tfesot of the match in the third vie\;v. In order to do this, we use the
image will be lying along thepipolar ling reducing the search o ties of the epipolar geometry. Given a calibrateckste
space from two dimer)sions (all image) to one dimension (orf . the epipolar geometry establishes that, given a paiati
line that crosses the image). In order to speed up the seay ge, its correspondence in the second image will lie some-

Process even more, we rectlfy_ the images COWGSPOW'”Q Ihere along the epipolar line. Our three-camera system can

eaph camera pair [1]. Oncg the |mages.have been rectified, g@seen as three separated stereo imaging systems (i.edform

ep|polarlll!’1es Ibecome horizontal, _makmg the search psoceﬁy camera pairs 0-1, 0-2, 1-2). As we know the location of a

more efficient in terms of computation. match in the left and right images, we obtain two epipolagdin

in the upper image. By definition, both epipolar lines must

contain the correspondence, so its intersection will gvéhe
stimated position of the point in the third camera. These re

Since we want to obtain a scene reconstruction with Nig;;q o hetween cameras must be computed in the original im-
level of detail, we need to obtain as much correspondences%&

B. Match Propagation

| q hi hi . t the M es, prior to the rectification process. For this, in eacigien
we can. 'n oraer to ac |_evet IS, we use a variant of the Mat¢fly st know the homographies containing the transforma-
Propagation (MP) algorithm [7].

. . oL . tions between the rectified images corresponding to the two
This algorithm uses a stereo pair of images and a set of 'rB'ossibIe stereo pairs and the original images
tial correspondences. This propagation is based on thengssu Knowing the position of the point in the third camera, we

tion that the neighborhood around valid correspondendiés Sli:ompute the correlation score between the left and the upper

shows sufficient texture to contain other reliable match&s. rectified images, and we check if it passes another (a sfightl
first approach O.f the algorlth_m appea_red n [8]_’ where Liail _more permissive) threshold. An illustrative outline foistpro-
suggested the idea of applying a region growing scheme (S'r@éss is illustrated in Fig. 2

llar t9 that of image segmentation) to .imagg matching. _The If the correspondence passes one of the two checks, we save
algorithm was then refined and described in more detail lWin a local array, along with the correlation score of thetfir

Lhuillier aqd Quaq in [7]. matching attempt if it passed the check, or the mean of both
To obtain a reliable set of seed correspondences, we us

. : . o ores if it passed the second test.
state-of-the-art algorithms for point detection, desisipand Once we have processed all the pixels within the windows
matching (e.g. SIFT [10], SURF [2] etc.).

h litv of the initial q h In ordher tko ensur%orresponding to the current correspondence, we repeat the
the quality of the Initial seed matches, we use the known gf)'rocess using the correspondence with the second-bestazorr

ometry of the stereo rig for outlier rejection [11]. Nextrde tion score. The process is finished one all the correspordenc
correspondences are detected around the seed matches b>11§9'e been analyzed

pIying_cross-correIation [7]in the rec_tified im_age pairsheT Once the MP algorithm is applied, the resulting correspon-
detecthn phdense corr_espondences Is described hereafter dences are refined at subpixel accuracy. This is achieved by
We first apply a variant of the MP method that perform ening a window around one of the two points of each cor-

adeeper search for matc'hes and uses the mformat!on fr_om %pondence and computing the correlation score. We fit a
third camera to avoid outliers. Our proposal starts withewipr



Fig. 2. Schematic of the worst-case iteration of the MP athori We start Fig. 3. Three views of a dense 3D map obtained from a triplenmages
with a match in the rectified stereo pair found at the bottonhefim- acquired by the trinocular system, where (a) is the plan, H{g)side
age, where we have opened the search windows. If the match does  view and (c) the main view.
not pass the first correlation threshold, we use the rediificdaomo-
graphies to get the position in the original images, from whee can
compute the epipolar lines and get the expected positioreafititch in
the third image. Finally, we pass this match between the |eftgper
image of the rig and we perform the second check with theietation V. RESULTS
score.

the dense sets of local points, obtaining the composite 3@ ma

Fig. 3 illustrates the results obtained in a non-underwater

quadratic-function surface to the resulting values. Thst-po environment from a triplet of images acquired with the tano

tion of the point is then given by the position of the peak i th ular system. The number of matches obtained for this spe-

quadratic function. o . . .
Finally, we obtain the 3D position corresponding to eac%ﬂc case using the MP algorithm is 117768 from a total of

match using triangulation. The result is a dense set of 3 (1920 pixels ('"?age size 96 x 52.0 pixels), corresponding
points 0 32,54% of the image plane. As it can be seen, the amount

of matched (and reconstructed) points is sufficiently haget
fine structure details of the observed scene. Also, the numbe
of outliers is sufficiently small in comparison with the nuenb
. . . . . of inliers.
G_lven the _dense rec_onstructlons_ obtained in the previous Besides, Fig. 4 shows the dense map obtained using 100
section, we aim to obtain a composite 3D map by reglstenqg . .
. cal reconstructions from 100 triplets. As we can see, the
these local 3D point clouds. : o .
: . . reconstruction detail increases, as multiple local denapsm
In order to get this global registration, we use a steredirac :
. ; s : : of the same area are merged. In this case, areas that cannot
ing algorithm (we only use a specific pair from the triplets) t b :
. reconstructed from one view can be recovered from others.
recover the pose of the camera system corresponding to eei\cen o : .
o ; : n addition, the covered zone is much bigger than the one that
time instant in the sequence. The algorithm detects rolaust c . .
. e covered by a single triplet. The total number of reconsedct
respondences between image pairs in the stereo system, arcl)gnts for this man is 6042941
tracks them through time. Then, we use Horns’ Absolute OrB P '
entation algorithm [6] to get the motion between pairs of im-
ages in the sequence.
However, the resulting _trz_;qe_ctory _suffers from the accumu- A new system for 3D modeling of the underwater sea-floor
lated error. In order to minimize this error, we use a Sparse

Bundle Adjustment method (based on [9]). The used cost fungpmposed by both hardware and software proposals has been

tion minimizes the reprojection error of the 3D points (tkee presented.

) . o . In the Hardware part, we have developed a stereo image
difference between the observed position of the point iman i I .
o . .. acquisition system formed by three cameras that can detal wit
age and the reprojection of the corresponding 3D point i thaoor underwater light conditions. The system captures @sa
image). It is shown in [12] that this mesurement is the MaxiP 9 j Y P 9

mum Likelihood Estimator (MLE) for the BA problem. in a synchronized fashion, at a constant frame rate.

. . : . On the other hand, the software consists in a processing
Provided the trajectory of the trinocular system we registe .
scheme for obtaining accurate dense 3D maps from the cap-

IV. CREATION OF A DENSE MAP

VI. CONCLUSIONS
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Fig. 4. Three views of a dense 3D map obtained from a set of teade 3D
reconstructions, where (a) is the plan, (b) the side view(eytihe main
view.

[12]

tured set of images: (i) it generates dense reconstructibns
triplets of images by propagating the matches between isjage
and (ii) it registers the local reconstructions using canea-
jectory estimations.

Unfortunately, we have not been able to acquire real under-
water data to test the proposed methods. However, the sesult
obtained in an outdoor environment are promising.

As future work, the resulting point cloud could be post pro-
cessed in order to obtain a continuous surface through mesh-
ing. This would allow us to generate more realistic 3D mod-
els. Additionally, we study a series of techniques to rentbee
outliers in the 3D model that are not eliminated by tradision
methods.
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