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Abstract—Autonomous Underwater Vehicles (AUV) are poten-
tial candidates for mapping icebergs in a safer manner compared
to using manned ships. However, iceberg drifts and irregular
contour pose challenges for AUVs when maneuvering around the
iceberg at a constant stand off distance autonomously. To this
end, in this paper, we present a novel approach for generating
guidance path for an AUV based on an Occupancy Grid Map
(OGM) constructed from the measurements from a Mechanical
Scanning Imaging Sonar (MSIS). The method consists of three
components: MSIS data pre-processing, path generation and
waypoint selection, to realize the autonomous iceberg wall-
following behaviour. The presented method is generalized and
can be utilized for other online wall following applications. The
autonomy system is validated in a simulation environment where
the AUV has successfully circumnavigated different icebergs at
desired standoff distance of 20 meters and has produced an
overall root-mean-square-error less than 4m.

Index Terms—Autonomous Underwater Vehicles (AUVs), Path
Planning, Iceberg Mapping, Mechanical Scanning Imaging Sonar
(MSIS), Occupancy Grid Maps (OGM)

I. INTRODUCTION

Icebergs, broken away from polar glaciers and ice shelves,
drift in the ocean towards low latitude regions. They disrupt
marine transportation, and affect ocean currents and climate by
inducing cold freshwater plumes [1]. To better quantify their
impacts, icebergs, especially the underwater portion (about 88-
90% of the overall shape), has to be measured. Recent studies
have found that Autonomous Underwater Vehicles (AUVs)
can be potential candidates for iceberg mapping( [2] and [3]).
However, advanced autonomy is needed for obstacle avoid-
ance, online path planning and relative navigation algorithms
for a safe and successful AUV-based iceberg mapping mission
[4]. Particularly, the autonomy should account for the irregular
contour of the iceberg such that the AUV can be maintained
at a desired standoff distance for consistent sensing footprints
and measurement resolution, resulting in reliable mapping data
products.

In this paper, we present a new autonomy system for AUV-
based iceberg circumnavigation using a MSIS. The method has
three major components. In Section II.A, we first present a new
data processing pipeline and an adaptive filtering technique to
extract valid obstacle MSIS returns for creating occupancy grid
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maps (OGM). We have tested the MSIS processing pipeline
both in tank and simulation environments. Secondly, in Section
II.LB, we present an image-based approach for generating a
guidance path for AUVs from the OGM. The path is generated
based on the extracted local iceberg contour such that the AUV
can be maintained at a specific standoff distance. In order to
successfully parameterize the local contour into a polynomial
equation, we introduce the concept of creating a temporal
frame that is defined based on the local iceberg contour. The
orientation of this frame is adapted to alleviate the potential
problem of having invalid solutions when parameterizing the
contour into a polynomial equation. Third, in Section II.C, we
introduce a heuristic that selects the waypoint from the derived
path which then is given to the vehicle guidance system to
follow. The online path planner has been successfully validated
in Stonefish [5] with the ALPHA AUV [6] and drifting
icebergs with results shown in Section III.

II. METHODOLOGY

A. MSIS Preprocessing and Costmap Generation

The MSIS is placed under the nose of the AUV. Since
the vehicle is restricted to clockwise circumnavigation, we
programmed the sonar to scan within a sector from 30°on the
vehicle’s port side to 135°on the vehicle starboard side. This
geometry allows for sufficient coverage of the iceberg (ahead
and behind of the vehicle) with the scan time of 13s while the
vehicle is in motion. The maximum range of the MSIS is 50
m and the stepping angle is configured at 0.9°.

Fig. 1. Left: ALPHA AUV in tank. Right: ALPHA AUV and Iceberg in the
Stonefish Environment.

In pre-processing, the measurements from MSIS are first
converted into a point cloud based on the echo intensity
over the range, the current scanning angle, the corresponding
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vehicle pose, the relative orientation and location from the
sonar to the vehicle’s body frame. Second, for each ping, we
eliminate the points with echo intensities received within 2
meters from the sensor to remove the ringing effects. Next, an
adaptive filter is implemented to remove the points with return
intensities less than a threshold as defined in Eq. 1 where p
and o are the mean and standard deviation of the intensities
of the points and k is a user-defined parameter which was set
to 2 in our case.

Tinreshod = p + ko (D

The resultant point clouds are then projected into a 2D local
vehicle-fixed frame and are used to update the OGM, whose
width and length are equal to the sonar range. In each cell
of the OGM, an intensity value is assigned to indicate the
probability of existence of an obstacle based on incremental
measurements ( [7] and [8]).
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Fig. 2. Left: PointCloud2 representation of data from BlueRobotics Ping360
measurements from an indoor water tank. Zoom-in figure in the left: The high
intensity measurements near the sensor due to ringing effects. Right: Result
of the statistical filtering p + 20 and radial distance filtering. Some returns
from the multipath still exist after filtering.

B. Path Generation

To extract the iceberg contour and generate the desired AUV
path, we treat the OGM as an image (Figure 3A) and apply
the following imaging processing algorithms. First, the OGM
image is dilated to fill the internal voids (Figure 3B). Second,
the Canny Edge [9] detector is applied to extract the edges in
the image (Figure 3C). Third, for each azimuth angle (0.1 rad)
from the center of the image (the AUV), we extract the cells
with the shortest range to the center, which forms the local
contour of the iceberg (Figure 3D).

After the local iceberg contour have been extracted from the
OGM, a series of reference frames (Figure 4) are created for
generating a collision-free path. First, from the Image Frame,
{I} of the vehicle-relative OGM, the point with the lowest y-
coordinate value is defined to be the origin of a new reference
frame, named Edge Frame {E}, where all other points are
transformed to. Second, we define a local iceberg contour
coordinate frame, named Line Frame {L} based on the trend
of the points in {E} frame.

Since the general line equation does not handle vertical
lines, the trend of the points is determined using Eq 2 to 5 as
presented in [10].

Fig. 3. A: The raw image from the OGM. B: The resulting image after
dilation. C: After applying Canny Edge algorithm. D: The final estimation of
the iceberg surface contour in the processed image.
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Fig. 4. The series of transformations between coordinate frames to generate
waypoints that are at a constant stand off distance and analogous to the local
iceberg contour. (1): Transformation from {I} to {E}. (2): Creating {L} based
on the local trend of the contour. (3): Applying the constant stand off distance.
The new series of points are transformed back to {E} and then {I}.
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We compute the sum of squared deviations from the mean
value of X (Eq. 2) and sum of squared deviations from the
mean value of Y (Eq. 3) where z and y represent average
values of x and y coordinates, respectively. The sum of the
product of the differences between x values and Z as well as
the differences between y values and ¥ is also calculated in
Eq. 4. Given the general line equation, y = Sy + 3, we find
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the least squares estimates of /3; as stated in [11] where Sxy
is divided by the Sx x or Syy based on the condition shown
in Eq. 5. In the second case, (3, is with respect to X of the
general line equation. In such cases, ) is then transformed
with respect to Y by taking its inverse. After we have obtained
the slope, 31, the iceberg surface points are then transformed
into {L}. The vehicle coordinate (center of the OGM) is also
transformed into {L}.

Next, the contour is shifted in {L} with the desired standoff
distance. As shown in Figure 5, if the y-coordinate of the
vehicle in the {L} frame is positive, the contour is shifted by
increasing the y-coordinate values and vice versa. This ensures
that the contour is moving towards the vehicle regardless of
the trend of the line and vehicle pose.
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Fig. 5. The path is shifted towards the vehicle in {L}. Left: If the vehicle’s
y-coordinate in {L} is positive, the contour is shifted by increasing the y-
coordinate values. Right: vice versa.

Finally, the shifted contour is parameterized into a poly-
nomial equation, y = ax? + bz + ¢, that allows for an
accurate representation of the actual iceberg shape instead of
a linear approximation as in the previous works [4] and [10].
Once the coefficients of the polynomial function are found,
we generate a series of points characterising the respective
polynomial in the {L} frame. Compared to the existing works
in rugged seafloor following planners [12], this method does
not require the 2.5D terrain assumption making this a more
general solution.

C. Path Following

Our path following methodology has two modes - Following
and Iceberg Reacquisition depending on whether or not there
is enough sonar coverage of the iceberg to generate a path.
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1) Following Mode: For an effective clockwise circumnav-
igation of the iceberg and always ensuring forward course,
the selection of the waypoint for pure pursuit guidance [13] is
calculated in {L}. First, we compute the metrics to determine
the cost for each point on the generated path.. The distance of
the points from the vehicle in {L} frame is calculated using
Eq. 6. Depending on how the path was shifted (Fig. 5), the
vehicle to point angle, ¥ is calculated accordingly as shown
in Eq. 7. If the path is shifted towards positive Y of {L} frame,
then the angle is inverted by 7 radians. The track angle of
each point are also calculated in {L} frame as shown in Eq. 8.
Second, we compute the cost for each point based on the three
metrics mentioned above. As shown in Eq. 9, the distance d is
divided by the vehicle’s maximum surge velocity (u) and the
absolute difference of the angles (7,[16;14 and T,ZJZLl 1) are divided
by the vehicle’s maximum yaw rate(r). These components are
summed together for each valid point thereby converting them
into a measure of time-to-intercept.
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Fig. 6. Depending on how the path was shifted (Fig. 5), the vehicle to point
angle is calculated accordingly. Left: If path is shifted towards positive Y
of {L} frame, then the angle is inverted by 7 radians. Right: if the path is
shifted towards negative Y, then angle is calculated as is. The point with the
lowest cost that falls in (-w/2, 7/2) of the line frame is then selected for
pure pursuit guidance.

Finally, the point with the minimum cost that falls between
(-m/2, w/2) of the line frame is then converted back to
world frame and then fed into the vehicle’s guidance system
[14]. This heuristic enables the vehicle to track the path and
minimize cross track error while circumnavigating the iceberg
in clockwise fashion.
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Fig. 7. In the absence of valid points to follow, the autonomy system switches
to Iceberg Reacquisition mode. The vehicle first follows P4, then follows an
arc path around Pp.
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Fig. 8. The plot depicts the track of the vehicle while circumnavigating various iceberg shapes from the path derived from our algorithm.

2) Iceberg Reacquisition Mode: In the situation when the
iceberg disappears from the FOV of the sonar, for example,
at sharp corners or concave features, there will be no point
for the vehicle to follow. In such cases, the autonomy system
switches to Iceberg Reacquisition Mode . In this mode, the
vehicle is instructed to follow a series of points based on its
last seen point of the iceberg as shown in Figure 7. First, the
vehicle is instructed to move towards P, that is determined
by extending the last waypoint along the path by the standoff
distance. Then, the autonomy system considers a point Pg
which is laterally shifted towards starboard side of the vehicle
by the stand-off distance from Po. A sequence of points that
form an arc ranging from 0 radian to 7/2 radians are generated.
These points are determined by the parametric equation of
the circle. The vehicle is instructed to follow this arc after
reaching P. Once the vehicle reacquires acoustic contact of
the iceberg, enough to generate points, the autonomy system
exits this behaviour and reverts back to Following mode.

III. VALIDATION

The method introduced in Section II is realized using ROS
middleware and validated in the Stonefish simulator. We have
integrated the proposed method on the simulated ALPHA
AUV and tested on three different iceberg shapes from the
database [15]. To better model the real situation, the iceberg
is moving with a realistic speed (northward speed of 0.05 m/s,
an eastward speed of 0.02 m/s and a rotational speed of 0.025
deg/s) from previous observations [16]. In the mission, the
desired standoff distance is configured to 20 meters with a
desired survey depth of 5 meters. The simulated MSIS returns
are projected onto a local OGM using the costmap2d ROS
package [17]. The waypoints are generated at 10Hz. Figure
8 presents the AUV tracks during circumnavigating on three
iceberg shapes. To quantify the performance, we computed
the distance from the AUV to the iceberg surface, as shown
in Figure 9. The distance to the iceberg was calculated by
measuring the distance of the closest y-coordinate in the OGM
relative to the vehicle. The time periods where the vehicle was
operated in Iceberg Reacquisition mode due to the lack of

valid sonar points is highlighted in gray. Overall the root mean
square error (RMSE) between the actual standoff distance
and the desired value on the 3 icebergs was found to be
3.19m, 3.65m and 2.51m respectively. Discounting the Iceberg
Reacquisition mode, the RMSE was found to be 2.9m, 2.9m
and 2.3m respectively for the three icebergs. Improvement in
lower RMS is observed compared to [18].
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Fig. 9. Standoff distance between the iceberg and the vehicle over time
compared to the desired standoff value. (Top: Figure 8 Left), (Middle : Figure8
Middle) , (Bottom: Figure 8 Right). The minimum detectable range of the
SONAR is also noted (2 meters). The gray regions denote the times where
there were no valid point present to follow. In such cases, autonomy system
resorts to Iceberg Reacquisition Mode.
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IV. CONCLUSION AND FUTURE WORKS

This paper presents a new autonomy system for AUV-based
iceberg circumnavigation. Specifically, the paper introduces an
algorithm to extract a guidance path based on an Occupancy
Grid Map (OGM) constructed from the measurements from a
Mechanical Scanning Imaging Sonar (MSIS). To better realize
valid obstacle sonar returns, a new data processing pipeline
and an adaptive filtering technique to construct occupancy grid
maps is also presented. To utilize this path effectively, the
paper introduces an algorithm that selects the waypoint to be
followed by the AUV’s guidance system. This autonomy sys-
tem was tested and validated in a simulated environment with
3 different drifting icebergs. For future work, a mechanism
to trigger completion of a circumnavigation loop needs to be
implemented. This trigger can be used to alter the vehicle
depth while on a iceberg mapping mission. The proposed
method is planned to be tested with the ALPHA AUV in the
field later this year. The pillars of Newport Pell Bridge are a
potential candidate for the algorithms developed in this study.
Circumnavigation around the base of one of the pillars would
validate the effectiveness and robustness of the autonomy
system.
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