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Abstract—This paper introduces a system for three-
dimensional (3D) reconstruction of underwater environments
using multiple images acquired by an acoustical camera from
different points of view. The final target of the work is to produce
a full 3D representation of the observed environment to improve
its exploration and analysis. Indeed, as the DIDSON acoustic
camera provides sequences of 2D images (distance and azimuth),
the challenge consists in determining the missing elevation
information about the observed scene in order to reconstruct
(x,y,z) models, together with the geometrical transformation
parameters between the acquisition view points, using image
information only. Our research work is in its early stage, the
work presented in this paper is particularly focused on the
first step of the 3D reconstruction system which is feature point
extraction as feature points must represent the scene geometrical
characteristics. Thus, the proposed methodology is based on
corner detection from extracted contours. However, speckle
noise introduces local, non-geometrically relevant contours that
should be removed. Embedded within a multi-scale edge analysis
approach, analyzing extracted contours from several consecutive
images allows relevant contours selection. This methodology
applied to real and simulated images, shows promising results to
complete the full 3D reconstruction process.

Index Terms—3D reconstruction, acoustic camera, contour
extraction, feature matching

I. INTRODUCTION

The main purpose of the proposed work is to develop a
method that enables 3D reconstruction of underwater scenes
using sequences of acoustic images. Environment 3D recon-
struction will be useful for visual search, inspection and survey
which are critical in a number of underwater applications
in marine sciences, observation, maintenance, or repairing
of undersea structures. Indeed, according to recent studies,
climate changes significantly impact our marine environment
with temperature increases, chemistry modifications, ocean
circulation perturbation influencing population dynamics and
underwater structure stability. Thus, monitoring these changes
within the marine environment becomes one of the current
challenges for underwater exploration.

The most common technique used by geologists, biologists
or surveillance teams to observe and analyze underwater scene
features, relies on vision-based systems either acoustical or
optical, mounted on autonomous underwater vehicles (AUVs).
Optical cameras are widely used for acquiring images of the
sea-floor/underwater structures as the images they collect pro-
vide information about the physical properties of the observed
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scene (color, reflection, geometry). However, their ranges are
rather limited without external sources of light and almost
non-existent with high turbidity. These non-ideal underwater
conditions (dark and turbid waters) are frequently encountered
in harbors or deep waters, making acoustic imaging the most
reliable means to get information from underwater environ-
ments.

Consequently, acoustic active sonar systems are presently
the most extensively used systems for underwater image
generation. The main advantage compared to video cameras
is that they can operate at much longer ranges (up to several
hundred meters) with lower resolutions. On this study, we will
focus on high frequency acoustic cameras that have a shorter
range (a few meters) but produce high resolution images (a few
centimeters or so, per pixel). In addition, they are almost not
affected by turbid waters, ensuring that details and information
about the scene are properly acquired. However, these acoustic
cameras only collect backscattered energy according to range
and azimuth. Thus, using only one acquired image does not
allow to compute scene elevation corresponding to each image
pixel, even with high resolution. Each collected image giving
an elevation ambiguous 2D representation of the observed
environment, it would be very attractive to design a system
which can gather all these partial views in order to compute
the missing dimension and provide height information about
the scene. This is the purpose of our work which consists in
developing a methodology to retrieve 3D information from
acoustic images and offer 3D environment reconstruction
permitting observation and monitoring of underwater scene.

This paper will focus on the first stage of the full method-
ology which is robust features extraction. The actual acoustic
camera is presented in Section II. Section III presents the
complete methodology and indicates how computing corre-
sponding contours (Section IV) and robust features detection
(Section V) fit in this scheme.

II. ACQUIRING IMAGES WITH DIDSON ACOUSTIC
CAMERA

The acoustic camera discussed in this paper is the Dual-
frequency Identification Sonar (DIDSON) [1]. Depending on
the sonar frequency, either 1.0 MHz (for LR mode) or 1.8 MHz
(for HR mode), DIDSON ranges from half a meter to 25
meters and forms 48 or 96 beams in the horizontal plane, each



beam being 0.3° width with spacing ranging from 0.3° to 0.4°,
for a full 29° azimuth coverage. As a front-looking sonar, the
elevation aperture is 10.8° with fixed vertical tilt angle. Thus,
the system produces either 48 x 512 or 96 x 512 azimuth-
by-range images where each pixel contains the backscattered
energy for all the points in the scene located at the same dis-
tance with the same azimuth from the camera. No information
about the elevation is recorded [2]. Figure 1 illustrates how
the polar collected image can be interpreted in relation to the
spatial camera configuration.

A

Fig. 1. Referencing acquired image within the camera (x,y,z) reference
Depending on the operating frequency and the maximum
selected range, DIDSON images refresh rate ranges from 4
frames/s to 21 frames/s. Then, multiple images from the same
underwater scene can be produced with different viewpoints
as the camera moves in the scene. It gives materials to
perform 3D scene reconstruction from images. However, as
for all acoustic sensors, various phenomena like speckle noise,
strongly affect the collected image quality, requiring further
image processing like edge detection, to be more robust.

(b) Bridge (frame 95)

Fig. 2. Raw DIDSON frames extracted from image sequences

Figure 2 presents two frames extracted from two sequences
used in this paper. LR mode was used for the first one, Ship,
producing 48 lines images while the Bridge sequence has been
recorded in HR mode with twice the amount of lines for the
same angular coverage. Azimuth resolution is then twice finer
for the Bridge sequence.

III. 3D RECONSTRUCTION METHODOLOGY

In this study, the DIDSON acoustic camera has been used
because of the previously described features (high resolu-
tion, rapid refresh rates allowing real-time underwater image
sequences). In these sequences, the same scene appears in
different successive images from different points of view.
Thus, the proposed research work addressed in this paper
aims at developing a method that exploits image information
redundancy to reconstruct the observed scene.

A. From successive sonar images to 3D reconstructed envi-
ronment

As shown in Figure 3, this paper introduces a 3D reconstruc-
tion method inspired from stereovision techniques, even if the
acoustic camera acquisition geometry (azimuth and range are
recorded, no elevation) does not fit optical camera acquisition
geometry where azimuth and elevation are known, not range.

Multi-scale contours processing

Multi-scale contours processing

Reconstructed 3D scene

om corner points

Fig. 3. 3D scene reconstruction global methodology inspired from stereovi-
sion processing

The global processing consists in three steps:

1) Features detection & selection: It is mandatory that this
step provides sets of points that represent some salient
features of the scene to be reconstructed. Moreover, the
extracted points from one image should be consistent
with extracted points from another image observing the
same scene geographic features, in order to allow the
best possible matching. How to obtain such sets of
robust features will be detailed in section III-B.

2) Selected features matching: Extracted points from two
images observing the same scene should correspond
to same salient features from this scene. A matching
step creates such links between datasets taking care of
problems like occlusion or too drastic point of view
changes. In that case, a bijection between the two sets
is not guaranteed.

3) 3D reconstruction from matched features: Once the sets
of points matched, minimizing the distance between the
reconstructed points from image 1 and from image 2
according to the supposed inter-acquisition geometry,



allows to find the best geometrical transformation be-
tween the two acquisition points of view (both rotation
& translation). Knowing this transformation, computing
(x,y,z) coordinates of scene locations from other pairs
of points, is rather straightforward.
This paper will not present the full methodology but fo-
cus on the crucial scene relevant features detection process,
assuming the same scene is observed.

B. Focusing on extracting robust scene relevant features from
images

As already presented, robust features points need to be

extracted from collected images in order to participate in
the computation of the geometrical transformation between
the acquisition view points. Indeed, they need to represent
salient features of the scene like ending edges, in order for
these features to be unambiguously identified on the images.
Thus, the detection procedure should be accurate (at the
sensor resolution) and each paired of remaining points clearly
associated to one unique geographic location in the scene.

As illustrated in Figure 4, to achieve such detection goals,

a procedure based on a multi-scale edges characterization, is
proposed:

1) Edge extraction: Robust feature points clearly belong
to object edges in the collected images. The first step
consists in extracting such edges from images so that
all the features are detected. Section IV-A discusses the
procedure.

2) Reducing noise impact: Speckle noise and artifacts in
acoustic images introduce local, non-geometrically rele-
vant contours. Therefore, it is required to remove these
false contours while preserving scene object contours.
The proposed strategy consists in comparing extracted
edges from two closely acquired images assuming the
point of view hasn’t changed much. Contours that don’t
match between images result from noise impact when
considering independent noise contribution from one
image to another. If they match, even partially, they
are probably involved by the scene. Indeed, due to the
rapid refresh rates of DIDSON camera, the displacement
estimated between two successive images usually stays
under 2 pixels difference. Thus this step allows to
discard contours coming from noise and create a list of
corresponding contours between the contours extracted
from the two images. Section IV-B gives more details
about noise reduction impact.

3) Focusing on strong features: Non-redundant contours
have been deleted. However, our main interest is to
extract salient points from the scene. It is mandatory
to be sure that the extracted points correspond unam-
biguously to same scene points. To get this information,
a multi-scale analysis has been introduced in order to
detect the strong main scene features on the images i.e.
those having an impact even after filtering out image
details. However, the last scale to consider needs to
be automatically found. The remaining corresponding

contours are those from the highest resolution level
still appearing at the most filtered level. It insures
the contours actually reflect strong scene features as
explained in Section IV-C.

4) Corner points extraction: Once the corresponding con-
tours has been extracted, extracting relevant corner
points consists in searching for the highest curvature
points on these contours. These points will indicate
salient scene features as they correspond to contour
direction changes.

ontours onto

Multi-scale contours processing

Fig. 4. Extracting scene relevant features for 3D reconstruction

IV. COMPUTING CORRESPONDING CONTOURS

Covering the first step of the proposed methodology, this
section presents the multi-scale algorithm dedicated to extract
corresponding contours from close frames, taking into account
noise impact on these frames. First, contours are extracted
from every image. The same contours appearing on successive
images are matched and preserved as representation of scene
geometric features. Contours coming from noise are deleted in
the process. These corresponding contours are computed for
various image scales obtained through Gaussian filtering, in
order to only preserve strongly relevant contours linked to the
scene geometry.

A. Edge detection

According to the definition proposed by Canny [3], edges
are defined as particular points where the gradient vector
modulus is locally maximal in the gradient vector direction.
The Canny filter which is considered as an optimal edge
detector, permits to extract such points. Applied on a gray
scale image, it yields an image showing the positions of



tracked intensity discontinuities. Indeed, it works as a multi-
stage process: first, the image is smoothed by a Gaussian
convolution. A simple 2D first derivative operator is then
applied to the smoothed image in order to highlight regions
with high first spatial derivatives. Doing that, edges give rise
to ridges in the gradient magnitude image. The algorithm
then tracks along the top of these ridges and sets to zero all
pixels that are not actually on the ridge top so as to output
a thin line (non-maximal suppression). The tracking process
exhibits hysteresis controlled by two thresholds: 77 and 75,
with T} > T5. Tracking can only begin at a point on a ridge
higher than 77. Then it continues in both directions out from
that point until the height of the ridge falls below 75. This
hysteresis helps to ensure that noisy edges are not broken up
into multiple edge fragments.

(b) Frame i+1

Fig. 5. Contours extraction through Canny edge detector on two successive
frames from Ship sequence
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(b) Frame i+1

Fig. 6. Contours extraction through Canny edge detector on two successive
frames from Bridge sequence

Figures 5 and 6 shows results of the Canny edge detec-
tor applied to two successive images from each reference
sequences. According to the described algorithm, this edge
detector produces contours on which the final corner points are
located. However, even if it is quite resistant to noise compared
to other edge detector filters (Prewitt, Sobel, . ..), several extra
contours coming from noise are observed.

B. Edge matching for finding corresponding contours

Thus, to remove false contours (coming from noise), a
contour matching approach has been developed based on the
percentage of contour points existing in the corresponding
image within a small neighborhood, for each contour. This
matching algorithm requires a small camera displacement be-
tween the two successive images to be able to find in image 2,
within a small neighborhood, a corresponding contour for
contours from image 1. This hypothesis is clearly checked
within our framework.

To estimate if a contour C{ from the list C' of contours
extracted from image 1 has a corresponding contour in im-
age 2, the normalized matching contour length measure M is
introduced in Equation 1. The normalized matching contour
length M2 gives the amount of pixels from contour Cj}
having a corresponding contour pixel in image 2, within a
small neighborhood. This measure is pixel-oriented as the
previous edge extraction does not guarantee to have same
length contours on each image.
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where

o /! (Ci) gives the length of contour C7,

« p stands for a (¢, j) location in image 1 and 2,

« 7)(p) defines a small neighborhood around p location in

image 2,

e 1, =1 if x is true, 0 if not.

In this paper, as only close frames are considered without
any other knowledge, standard 3 x 3 neighborhood is used.
However, depending on a priori knowledge (camera displace-
ment between the two acquisitions), n function can be tuned
to be more oriented according to an estimated shift between
the two images.

Histograms from Figures 7 and 8 give the computed M2
measure, for each extracted contour from Ship and Bridge
sequences. Results show that M values for corresponding
contours are higher than 50% while contours coming from
noise remain under 25%. Indeed, scene features involve re-
dundant contours within close frames, acquisition noise does
not. Thus, only corresponding contours are preserved for
extracting corner points. Images from Figures 7 and 8 present
the corresponding contours for both frame ¢ and ¢ 4+ 1 using
M1 for the first image and M7 for the second. As
previously mentioned, M measure is pixel-oriented involving
that measure is not symmetrical.

Moreover, fixing the value for this threshold does not require
a sharp technique. In this paper, a 25% threshold is used but
histograms illustrate that slightly changing this value does not
change the results drastically.

C. Focusing on relevant contours through multi-scale analysis

The previous step deals with removing contours coming
from noise or artifacts using inter-images analysis. However,
the final goal is to extract corners from contours with a strong
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(c) Frame i+1

Corresponding contours between consecutive frames from Ship

(c) Frame i+1

Corresponding contours between consecutive frames from Bridge

belief that these corners correspond to precise and unique
scene features or salient points. Thus, this step will focus on
eliminating weak contours, to preserve only robust contours
that will produce robust corners and accurate camera pose
estimation. To do so, we choose to analyze corresponding
contours through a multi-scale approach.

1) Proposed algorithm: The proposed approach consists
in computing corresponding contours for several different
image scales. Images at different scales are obtained through
Gaussian filtering with successive standard deviation increases.
Corresponding contours are extracted on each scale. In order
to automatically determine the last analysis scale n, corre-
sponding contours are tracked from scale 1 (original image)
to subsequent scales till the number of detected corresponding
contours becomes stable over several scales.

Only scale 1 contours still appearing as corresponding con-
tours in scale n are robust enough and preserved to participate
in the corners detection.

2) Results: This multi-scale analysis has been performed on
both Ship and Bridge sequences as shown in Figures 9 and 10.
Through this multi-scale analysis, shapes of extracted corre-
sponding contours become smoother; however, their occur-
rence characterizes sharp transitions between homogeneous
regions in the images. These features are clearly interesting
candidates for our application because of their robustness
(after several scale filtering, only relevant features remain).

Logically, as presented with Figures 9 and 10 curves which
give the evolution of the number of corresponding contours
through successive scales, the number of corresponding con-
tours decreases from scale to scale, till remaining stable when
all the small and weak features have been removed. The last
scale for the Ship sequence appears to be 6 while scale 8
seems to be the first stable scale of the series on the Bridge
sequence.

Last scales automatically determined from multi-scale con-
tour analysis on these two sequences are different. Indeed, the
operating frequency modes used to acquire those sequences
are different: LR for Ship sequence, HR for Bridge sequence.
In HR mode, the beams number is twice the amount of HR
mode beams, for the same azimuth coverage, bringing finer
details. It then possible to get deeper scales before having a
stable behavior.

For each sequence, once the last scale n has been deter-
mined, only the original corresponding contours (at scale 1)
tracked from scale to scale and still appearing at scale n are
preserved as shown in the last images in Figures 9 and 10.
These corresponding contours will be considered as input for
the next step (corners detection). Thus the proposed multi-
scale analysis preserves only contours that characterize strong
and relevant intensity changes, through tracking contours from
scale to scale. However, as corner detection will be fed by scale
1 contours, it also preserves contours accurate localization.

As highlighted in Figure 9 (dotted yellow circle), some
corresponding contours may be detected with a rather high
normalized matching contour length measure. However, this
measure being global to the contour, it does not reflect inho-
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Fig. 9. Multi-scale analysis for preserving scene relevant contours from
Bridge sequence
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Fig. 10. Multi-scale analysis for preserving scene relevant contours from
Ship sequence

mogeneous matching chunks along the contour. Extra work
is then required to split inhomogeneous contours in order to
remove non-matching parts of contours.

V. ROBUST FEATURE POINTS DETECTION
A. Corners detectors algorithms

Many techniques have been developed for detecting [4] and
chaining edges in order to further analyze their properties like
taking points of high curvature to be labeled as corners [5].
A common approach for detecting high curvature points has
been to use either one or two chords.

First techniques use a single chord spanning a fixed set
of points in the chain to estimate the curve slope for each
point of the curve and determine whether each point can
be considered as isolated [6]. Corners are then defined as
isolated discontinuities of the mean slope. Alternatively, pairs
of chords can be computed to estimate the curve angle at their



intersection [6]. Corners are then defined as local minima of
these angles after local averaging. The pairs of chords defining
the angle may have a central gap and only series of angle peaks
(found by looking for zero crossings of angle values) spanning
a few points, are defined as corners.

Other techniques do not use chords but apply smoothing
filters to the curve. Corners are either the points with a high
rate of slope change or points where the curvature decreases
rapidly to the nearest minimum while keeping a small angle
with the neighboring maxima [5].

B. Proposed algorithm

In this work, to find corners in selected edges, we
use Douglas-Peucker algorithm also called Ramer-Douglas-
Peucker algorithm or iterative end-point fit algorithm or split-
and-merge algorithm.

The basic goal of this algorithm is to reduce the number
of points in a curve, keeping only corner candidates (points
with highest curvatures). Indeed, it recursively represents a
curve as a series of more and more precise connected lines.
Marking the first and last points of the curve as corners, it
finds the furthest curve point away from the line defined by
the two corners. If the distance between this point and the line
is larger than a predefined threshold, this point is marked as
corner and the splitting process is applied to the left and to
the right part of the curve. If not, all the points between the
two corners can be discarded as the smoothed curve (without
these points) will not be further from the initial curve than the
specified distance [7].

C. Results and discussion

Figures 11 and 12 show how the proposed algorithm per-
forms on the previously extracted corresponding contours. As
these contours are representative of scene elements edges,
extracting corners from them detects salient points on these
edges. These edges will be crucial for reconstructing the real
scene shape and later for scene recognition and identification.

A first visual analysis of the results allows an easy identi-
fication of corresponding image corners. Indeed, the majority
of detected corners from two successive frames (i and i+1) are
located in almost the same positions, reducing the complexity
of an automatic matching.

However, the goal of our work is to reconstruct the observed
scene using multiple images acquired from different views and
then from further frames. Thus, corners have been extracted
from a third frame (i+15). The last images of Figures 11 and 12
show that globally the same set of corners is found, allowing
a robust matching and then more accurate triangulations in
order to 3D reconstruct the observed scene. These results of
robust corners extraction and matching are very promising and
allow testing the next steps of the proposed 3D reconstruction
methodology with confidence.

VI. CONCLUSION

This paper presented a methodology to extract robust feature
points that enable 3D reconstruction of underwater scenes

(c) Frame i+15

Fig. 11. Feature points extraction from Ship sequence

(a) Frame i

(b) Frame i+1

(c) Frame i+15

Fig. 12. Feature points extraction from Bridge sequence

using sequences of acoustic images. The approach relies on
contours extraction as scene salient points logically appear
on these contours. However, edge extraction often ends up at
numerous false contours coming from noise. Thus, a multi-
scale analysis combined to close images integration has been
proposed to get relevant final contours robustly detecting scene
geometric features. Using neighboring frames allows reducing
the amount of contours resulting from noise as they will
not appear identically on the two slightly shifted images. In-
deed, only contours sharing common locations are preserved.
Embedding this processing within a multi-scale approach,



produces series of corresponding contours at several resolution
scales. Only the corresponding contours from scale 1 still
appearing at the deepest scale are kept as they represent strong
scene geometric features. The final step consists in extracting
corners from these contours as feature points.

This procedure produces interesting results as the sets
of feature points extracted from different, non-neighboring
frames seem to be consistent allowing an easy matching and
then computing the geometric transformation between the cor-
responding attitudes and locations of the camera. Obviously,
some scene features are missing from extracted corners to
fully describe the scene topography but the procedure succeeds
as enough robust points remain to compute the geometrical
transformation between acquisition view points. Once this
transformation been computed, it is still possible to come
back and extract more feature points in order to complete
the 3D reconstructed scene. The key feature of the proposed
approach is to feed the algorithm responsible for determining
this geometrical transformation, with robust and accurate pairs
of points, corresponding to the same geographic location
within the observed scene (salient points on sonar images).
This methodology has been applied to real images showing
very promising results for a full 3D scene reconstruction.

VII. FUTURE WORK

As mentioned, dealing with inhomogeneous corresponding
contours needs to be addressed to improve edge characteriza-
tion and increase extracted feature points accuracy.

Finally, the extracted corners will feed the two last steps of
the proposed global methodology which consist in computing
the pose differences (translation & rotation) between two non-
neighboring frames in order to compute the (X,y,z) scene
coordinates of each salient point associated with a pair of
corners.

A first trial has been made using simulated sonar images [8]
on which the presented process has been run to obtain robust
corners as shown in Figure 13. Finding the inter-acquisition
geometry relies on minimizing the distance between the recon-
structed points from image 1 and the image 2 reconstructed
points according to a supposed translation & rotation. First
rough results presented in Figure 14 show a preserved consis-
tency of the overall geometry of the observed cube, even if
a global bias appears. However, this first reconstructed scene
offers promising perspectives.
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