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Abstract—A Slocum underwater glider is been modified to map
the underside of icebergs for monitoring iceberg deterioration off
the coast of Newfoundland, Canada. The vehicle is equipped with
a mechanical scanning sonar to map the iceberg surface, and a
thruster for level-flight at a higher surging speed. In this paper we
are presenting a profile-following controller that uses the sonar
ranges to compute desired headings guiding the Slocum glider
traveling safely around icebergs. A vehicle-attached occupancy
map (VOM) is updated using sonar measured ranges with a
dynamic inverse-sonar model. A desired path is then generated
from the VOM by applying polynomial regression on the occupied
cells. The line-of-sight guidance law is implemented to compute
the desired heading to follow the desired path. The algorithm
is initially evaluated in a simulation environment. The vehicle
operation is simulated on a real-time hardware simulator, while
the sonar is modeled in ray-tracing method. The iceberg is
derived from an iceberg database with additional translational
and rotational motion emulating a floating iceberg. After that,
the guidance system is applied on a set of field data collected in
2015. During the trial, the Slocum glider was deployed to profile
an underwater ramp feature in Conception Bay, Newfoundland,
Canada. The feasibility of the porposed controller is indicated
by the outcomes from this paper.
Keywords: Slocum glider, profile-following control, iceberg,
AUV.

I. M OTIVATION
Icebergs originating from the glacier in Western Greenland
have drawn attentions from the offshore production in the
northern Atlantic Ocean. A deep-keel iceberg has a potential of
scouring the seafloor leading a risk of destroying underwater
pipelines, while bergy bits and growlers broke up from icebergs may damage the underwater infrastructures near offshore
platforms. To prevent potential damages posed by icebergs, ice
management is introduced to monitor surrounding icebergs,
to predict the iceberg drift, assess the risk of collision, and
take preventive actions such as towing to redirect threatening
icebergs [1]. The underwater portion of an iceberg, about
90% of the overall volume, is one of the most critical factors
affecting the iceberg trajectory and stability [2]. Therefore, an
increased knowledge about the underside of an iceberg will
result in a potentially more accurate prediction in iceberg drift
and a safer operation when redirecting the iceberg.
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In 1978, an analysis about profiling the iceberg using a tethered submersible equipped with a depth sensor and an upwardlooking sonar was proposed in [3]. In 1980, a submerged towfish with a side-scanning sonar was used to map icebergs with
a surface vessel [4]. However, the underwater location of the
submerged tow-fish is hard to be determined. Currently, the
underside of icebergs is usually measured using a horizontal
plane scanning sonar lowered from a surface vessel. With
the development of underwater navigation, the position of the
sonar can be determined from dead-reckoning with an inertialmeasurement unit (IMU) or acoustic methods. The resulting
underwater shape is composed from the sonar measurements
at multiple locations around the iceberg.
In [5] and s [6], Autonomous Underwater Vehicles (AUVs)
which have been extensively used for oceanography surveys
are selected as excellent candidates for underwater iceberg
mapping. The advantage of AUVs is not limited to profile
the target at a constant distance for maintaining consistent
sensor footprints, but also they can simultaneously collect
other scientifical information such as temperature, salinity and
water circulation. The multi-modal information about icebergs
is a great help in improving iceberg drift prediction and iceberg
stability analysis for iceberg management. The research on
AUV based iceberg mapping has been conducted by various
groups. In [7], and [8], the authors are focus on the AUV
navigation relative to a floating iceberg using the information
about the relative speed of the AUV to the iceberg from
a Doppler-Velocity-Log (DVL). Then the iceberg shape can
be derived from vertical sonar swath from a side-looking
multibeam sonar. In [9], an AUV equipped with an upwardlooking multibeam sonar was deployed to travel underneath
an ice island, a massive tabular iceberg. As a result, the depth
of the ice island was measured along the preprogrammed
vehicle’s path. However, multibeam sonars and the DVLs
are not affordable on some AUVs due to the limitations in
expense, power consumption, or space for integration.
In [10], an adaptive heading controller was developed on
a Slocum underwater glider. The desired heading of the
vehicle was adjusted based on the measurements from a side
forward-looking mechanical scanning sonar. Only the sonar

measured ranges in a single scan were used for computing the
desired heading, and the influence from the wide beamwidth
of the sonar (35 degrees) was unconsidered. Furthermore, the
performance of the controller was limited in the field that
the Slocum glider was not able to follow the iceberg profile
when the shape is suddenly changed. In this paper, we are
proposing a profile-following controller as an improvement
from [10] for a better performance. The controller is evaluated
in a simulation environment and then applied on a set of data
collected from a field trial near an underwater ramp feature.
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II. I CE - PROFILING S LOCUM GLIDER AT AOSL
For the purpose of underwater mapping and profiling, a
Slocum underwater glider has been modified in the Autonomous Ocean Systems Laboratory (see Figure 1). In the
nose, a Tritech Micron mechanical scanning sonar is installed
in a free-flooded acoustically transparent extension section
(white section shown in Figure 1). The sonar is mounted on a
tilting plate allowing the change of its forward-looking angle
on the starboard side. As shown in the Figure 1, the sonar
is controlled to scan about the Zs axis and has a beamwidth
of 35 degrees in the top view. The forward-looking angle is
configured to 35 degrees for this particular sonar. To avoid any
collisions with icebergs, the forward-looking angle provides a
nominal forward-looking distance about 40 meters that is twice
the minimum turning radius of the glider. An acoustic modem
is integrated for improving the underwater navigation if paired
with an acoustic navigation and communication system from
the surface that measures the range together with azimuth
angle and elevation angle to the vehicle. Thus, the location
of the glider can be determined with known locations of the
surface unit measured by a Global Positioning System (GPS).
It provides an alternative source for underwater navigation
besides the default method, model based dead-reckoning.
Beyond that, a thruster is also integrated on the glider for levelflight operation, and a conductivity-temperature-depth (CTD)
sensor is installed on the mid-section under the wing.
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Xe − Ye − Ze is the inertial coordinate system. Its origin
is located at a known Latitude and Longitude on the sea
surface. The x-axis is pointed north, y-axis is pointed
east and z-axis is pointed downward (NED coordinate
system);
ψt is the vehicle’s heading at time t refers to the true
north;
xet , yte is the origin of the center of buoyancy of the
vehicle at time t in the Xe − Ye − Ze ;
Rt is a range measured by the sonar at time t;
σ(t) is the scanning angle of the sonar at time t relative
to the horizontal plane of the vehicle;
β is the forward-looking angle of the sonar, 35 degrees;
Mxvvt ,ytv is the vehicle-attached occupancy map (VOM) at
time t, its origin coincides with the CB;
xvt , ytv is the index of a cell in VOM at time t;
P (Mxvvt ,ytv |R1 , ..., Rt ) is the probability of occupancy of
the cell with the index xvt , ytv in the VOM at time t. The
probability of occupancy is updated based on the sonar
measured ranges from time 1 to time t;
t
lx,y
is the log-odds presentation of P (Mxvvt ,ytv |R1 , ..., Rt ).
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Fig. 2: The vehicle-attached occupancy map. The sonar is oriented to have a
forward-looking angle (β).
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Fig. 1: Ice-profiling Slocum glider modified in AOSL

III. S ONAR BASED PROFILE - FOLLOWING CONTROL
To help the understanding of the concept, the terms used in
the remaining sections are defined as follows,

As shown in Figure 2, a vehicle-attached occupancy map
(VOM) is used to present the 2-dimensional environment
around the vehicle in the form of gridded cells. A probability
of occupancy ranging from zero to one is associated with each
cell. Only the environment on the starboard side of the vehicle
is included because the sonar is oriented to have a forwardlooking angle on the starboard side resulting a backwardlooking angle on the opposite side. Therefore, the vehicle
is limited to circumnavigated around an object only in the
clockwise direction. The origin of the VOM is located at the
center of buoyancy (CB) of the vehicle, while the y-axis is
pointed starboard and x-axis is pointed forward.

Due to the change of the location and orientation of the
has
vehicle from time t-1 to t, a cell in the Mxvvt−1 ,yt−1
v
to be projected into Mxvvt ,ytv prior the update from a sonar
measured range at time t. Equation 1 to 3 show the conv
version from xvt−1 , yt−1
to xvt , ytv , meanwhile, the probav
bility of occupancy P (Mxvt−1 ,yt−1
|R1 , ..., Rt−1 ) is projected
v
to P (Mxvvt ,ytv |R1 , ..., Rt−1 ). Then, the sonar measured range
at time t, Rt , is used to update P (Mxvvt ,ytv |R1 , ..., Rt−1 )
to P (Mxvvt ,ytv |R1 , ..., Rt ) based on the log-odds using the
Bayes’ theorem [18]. The calculation of the log-odds of
P (Mxvvt ,ytv |R1 , ..., Rt−1 ) is shown in Equation 4. The logodds at index (xvt , ytv ) is updated in Equation 5 using an
inverse-sonar model. In this particular sonar configuration,
the wide beamwidth is aligned in the moving direction of
the vehicle. Unlike the multibeam sonar, the echo intensity
received at different angles relative to the transducer is not
available. Therefore, an uncertainty in resolving the location
of the target with the measured ranges will be introduced. A
dynamic inverse-sonar model [11] is now used in Equation
5, while a static inverse-sonar model is optional from [19].
In Equation 5, P (MxVvt ,ytv |Rt ) is the probability of occupancy
t−1
is the log-odds
derived from the inverse-sonar model, lx,y
based on the sonar measured range from time 1 to t-1, and
0
lx,y
is the initial log-odds assumed by the user. For example,
0
lx,y
is equal to zero if the probability of occupancy of the
cells in the VOM are initialized at 0.5 in Equation 1. After the
log-odds is updated with the sonar measurements, the updated
probability of occupancy is calculated in Equation 6.
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effective sector. The overall procedures of updating the VOM
are summarized as follows,
0
1) VOM is initialized, i.e. P (Mxvv0 ,y0v ) = 0.5 and lx,y
= 0;
e
2) vehicle moved from xet−1 , yt−1
to xet , yte with the heading changed from ψt−1 to ψt ;
3) if σ(t) ∈ [σL , σH ] then go to step 4), else jump to step
10);
4) projects
P (Mxvvt−1 ,yt−1
|R1 , ..., Rt−1 )
to
v
v
P (Mxvt ,ytv |R1 , ..., Rt−1 ) with Equation 1 to 3 based on
the change of vehicle’s location and orientation ;
t−1
5) calculate lx,y
, the log-odds of P (Mxvvt ,ytv |R1 , ..., Rt−1 ),
in Equation 4;
6) a sonar measured range Rt is obtained at time t;
7) calculate P (Mxvvt ,ytv |Rt ), the probability of occupancy
from an inverse-sonar model and projected into the
VOM;
t
8) update the log-odds in the VOM, lx,y
, using Equation
5;
9) calculate P (MxVvt ,ytv |R1 , ..., Rt ), the updated probability
t
using Equation 6;
of occupancy from lx,y
10) if σ(t) ∈
/ [σL , σH ] and σ(t − 1) ∈ [σL , σH ], calculate
the desired trajectory from the VOM;
11) repeat the step 2) to 10).
1
0.9
0.8

60

0.7

50

0.6

40

0.5

30

0.4

20

0.3

10

0.2

0

0.1

(2)

(3)

(4)

(5)

(6)

The effective sector [σL , σH ] is introduced to control the
update on VOM. With this feature, only the targets close to
the depth of the vehicle are included. The targets outside the
effective sector, such as the surface returns and the seafloor
returns, are excluded to avoid unnecessary reactions. The
effective sector is usually [−5o , 5o ] to include the returns
from 5 meters above and below the vehicle. The desired
trajectory will be generated everytime the sonar swept the
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Fig. 3: An example of VOM, the profile of the terrrain is estimated by applying
polynomial regression on the occupied cells.

Figure 3 shows an example of the VOM updated from
sonar measurements in multiple scans. The cells with the
probability of occupancy higher than 0.5 are highlighted in
green. The polynomial regression is then applied on these
cells to generate the desired trajectory for the path-following
control. The red, blue and yellow curves show the estimated
profile of the target from first-order, second-order and thirdorder polynomial regressions.
The resulting profile from the first-order polynomial regression is shifted left in the VOM with a standoff distance
to obtain our desired path. Although the resulting curves
from polynomial regression at higher order have a better
presentation on the occupied cells, it takes more time in
computing the regression coefficients and more complicated

for the chosen guidance law, line-of-sight (LOS). Reader are
recommended to read [13] to [17] for the application of LOS
on a curved desired path.
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IV. S IMULATION RESULT
The designed controller is initially evaluated in a simulated
environment with the diagram shown in Figure 5. The sonar
and the iceberg are modeled in the MATLAB, while the
Slocum glider is simulated on a hardware glider simulator.
The glider simulator emulates the real-time glider mission
with modeled sensor output, i.e. altitude measurements and
depth measurements. The designed controller is implemented
on a single-board-computer (SBC). The information exchange
between the platforms is implemented via the serial communication line.
Location &
orientation

(0, 0)

Fig. 4: The sketch for computing the desired heading to follow the desired
path in the VOM.
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∆
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Fig. 5: Simulation environment setup for evaluating the GNC

(7)

(8)

t→∞

χV (eT )

= ψsv + arctan(−Kp · eT
Rt
+Ki · 0 −eT (t)dt + Kd d(−edtT (t)) )
ψd = χV (eT ) + ψt

(9)

(10)

As shown in Figure 4, the vehicle is located at (0,0) in the
VOM. On a straight-line desired path, the cross-track error eT
is calculated by converting the vehicle location to a coordinate
system attached to the desired path, e.g. XT − YT . Here, the
computation of eT can be simplified by finding the shortest
distance from the vehicle to the desired path if the desired path
is a straight-line. In the looking-ahead LOS control, a forwardlooking distance, ∆, is defined by the user. The desired
heading refered in the VOM, χV (eT ), can be calculated in
Equation 7 in order to satisfy the control objectives [16] in
Equation 8. Furthermore, Equation 7 can be expanded into
Equation 9 that is similar to a PID controller [12]. As shown
in Figure 4, eT is negative when the vehicle is on the righthand-side of the desired path. The vehicle requires a positive
turning command in order to follow the desired path. Thus,
a negative sign is added on eT in Equation 7 and Equation
9. Since the desired heading commanded to the vehicle is
based on an inertial coordinate system, the desired heading
is obtained by offsetting χV (eT ) with the vehicle heading ψt
in Equation 10.
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Fig. 6: Results from the simulated iceberg profiling operation

In the simulation, the sonar is configured to scan at a rate of
5 Hz within the ±45 degrees off the x-y plane of the vehicle
with a forward-looking angle of 35 degrees. The forwardlooking distance, ∆, in the controller is calculated based on
the sonar configuration. As shown in Figure 2, the maximum
forward-looking distance at desired standoff distance (Sd ) can

be calculated in Equation 11. In our scenario, the standoff
distance Sd is 40 meters, β is 35 degrees, and max(δ) is 17.5
degrees for the sonar integrated on the Slocum glider. This
configuration results in a forward-looking distance of about
30 meters (see Equation 11). Several attempts were conducted
to tune other parameters in the Equation 9. The Kd is tuned
to 0.5 for a minimized overshot in tracking the desired path
Ki is set to zero since it was found to have a destabilizing
effect that can result in a significant influence on the overshoot
causing the potential collision onto the iceberg that draws more
concerns in operation.
∆ = Sd · sin(β + max(δ))

(11)
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The modified Slocum glider was deployed near an underwater ramp feature in Conception Bay, Newfoundland, Canada.
The glider was programmed to follow waypoints located about
40 meters on the east side of the underwater feature. The
vehicle was operated in the gliding mode between the depth
of 40 meters to 25 meters, and the sonar was configured to
scan a sector on the starboard side of the vehicle within the
±45 degrees off its horizontal plane.
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V. P RELIMINARY FIELD RESULT

Depth [m]

Standoff distance [m]

An iceberg profiling operation is simulated with the profilefollowing controller on a modeled floating iceberg. The iceberg
motion is assumed to consist of a northward velocity of 0.05
m/s, and a rotational velocity of 0.025 degrees/s about the
vertical axis located at the centroid of the water-plane. The
rolling, pitching, and heave motion are limited to zero.
Figure 6 shows the top view and perspective view of the
results from the simulation. The glider traveled around the
iceberg two times in one hour and produced a trajectory shown
in red. The glider was traveling horizontally at a nominal depth
of 20 meters at a speed about 0.6 m/s. As a result the iceberg
profile at depth from zero to 60 meters (about 50% of the
overall volume of the target iceberg) is obtained. In Figure 6,
the sonar detected iceberg surface is displayed in the blue dots.
The initial and final iceberg pose are shown in green and cyan
rendering with a blue line showing the path of the coordinate
system attached to the iceberg during the mission.

Ki , resulting in a steady-state error. Moreover, the generated
desired path in the VOM shown Figure 3 is tilted towards
the vehicle caused by the arc shape from the inverse-sonar
model. As shown in Figure 3, the profile of the occupied cells
is relative straight, but an arc shape is formed at xvt equals
to 20 and higher. Therefore, the slope of the resulting path
will become smaller when applying the polynomial regression
on the occupied cells, and the computed desired heading will
be smaller than the actual terrain profile because the crosstrack error is reduced due the decreased slope. The bottom
plot in Figure 7 shows the vehicle heading. Observed in Figure
7, the overshoots in the cross-track error appeared 6 times
when the vehicle is turning at iceberg corners leading a steep
increase in vehicle heading. The overshoots may be caused by
the limited control on the heading, a deflecting fin, resulting
a slow response to the desired control value.
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Fig. 7: The standoff distance from the vehicle to the cross-sectional profile
of the iceberg at depth of 20 meters. The vehicle’s heading is also include in
the bottom plot.

To evaluate the performance of the profile-following control,
the distance from the vehicle to the cross-sectional profile of
the iceberg at the depth of 20 meters is calculated and shown
in Figure 7. The resulting standoff distance has a root-meansquare (RMS) of 49.6 meters, a mean value of 48.4 meters
and a standard deviation of 10.8 meters. The RMS and the
mean value are offset from the desired standoff distance of
40 meters may be caused by the lack of the integral gain,

The mission objective was to map along the side of an
underwater slope and use the data for simulation purposes.
As a result, the seafloor feature was captured by the sonar and
presented in Figure 8 with the three-dimensional trajectory
of the vehicle shown with the blue line. Figure 9 shows the
measured depth of the vehicle during the mission. The color
of the markers indicates the water density estimated from the
conductivity, temperature, and pressure measured from the
CTD sensor on the vehicle. Because the feature is located
at an entrance of a cove (the Chapel Cove, Conception Bay,
Newfoundland, Canada), a freshwater outflow from shore may
form a freshwater current near the ramp as shown in Figure
10. In Figure 9, a freshwater stream is found at depth about

32.5 meters that is preventing the vehicle from climbing to the
target depth when the buoyancy pump was moving within the
80% of the maximum range. A surface event was programmed
in the mission that will be triggered when the vehicle has not
communicated with the operator for 30 minutes. In the surface
event the ballast pump is moved to the maximum position,
so the vehicle is able to climb to the surface after it was
submerged for 1800 seconds.
0

effective sector is defined as [−10o , 0o ] (see the blue region
in Figure 10), hence, the seafloor can be detected within the
effective sector even when the vehicle is slightly above the
shallow side of the ramp. Figure 11 shows the resulting desired
heading computed from the profile-following controller on the
vehicle’s trajectory and the seafloor detection by the sonar
when the scanning angle is inside the effective sector.
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Fig. 12: Top: vehicle heading during the mission; bottom: the terms generated
by the profile-following controller.
Fig. 10: Fresh water current near the ramp, the effective sector of the glider
is modified to [−10o , 0o ].
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Fig. 11: The desired heading computed from the presented profile-following
controller with the sonar measurements shown in blue dots.

The profile-following controller is applied to the field data
to compute the desired heading along the vehicle’s path. The

The important values calculated in the profile-following
controller are shown in Figure 12. The blue line shows the
sonar measured ranges within the effective sector corrected
into the vehicle-attached coordinate system. These measurements are used to update the vehicle-attached occupancy map
(VOM) for estimating the desired path (YT = b1 XT + b0 ),
cross-track error (eT ) and computing the desired heading
(ψd ). Shown in Figure 12, the eT is changing corresponding
to the PyV that a large PyV is resulting a large cross-track
error leading a positive χV (eT ) turning the vehicle towards
the ramp feature. At the time around 1600 seconds, the eT
is near zero with PyV is about 40 meters but χV (eT ) is a
positive value turning the vehicle towards the starboard. The
non-zero χV (eT ) is induced by the ψsV that the trend of
the vehicle’s heading is not aligned with the desired path.
To fulfill the objectives of the LOS introduced in Equation
8, the resulting positive χV (eT ) leads to a vehicle heading
adjustment. Although the computed desired heading is not
used in the actual trial, the correlation of the variation between
the χV (eT ) and the heading of the vehicle indicates the
feasibility of the designed profile-following controller that
χV (eT ) is leading the change of the vehicle’s heading.

VI. C ONCLUSION AND F UTUREWORKS
In this paper, we have introduced a Slocum underwater
glider modified in the Autonomous Ocean Systems Laboratory
(AOSL). With the integration of a mechanical scanning sonar,
the vehicle is intended to be deployed for mapping the underside of icebergs. A sonar-based profile-following controller is
presented to autonomously guide the vehicle to circumnavigate
around the iceberg at a standoff distance. A vehicle-attached
occupancy map (VOM) is used to represent the environment
around the vehicle using a probabilistic sonar model. The
desired path is generated from the VOM by applying polynomial regression on the occupied cells. A line-of-sight guidance
law is used to compute the desired heading derived from
the desired path to update the pre-existing low-level heading
controller on the glider. The profile-following controller is first
evaluated in a simulation environment on a floating iceberg.
As a result from the assessment, the vehicle circumnavigated
around the iceberg twice without any collision. An offset
between the performed standoff distance and the desired value
is observed, and overshoots in standoff distance are observed
from the simulation. The performance of the profile-following
control is acceptable for future implementations that a further
tuning of the control parameters or a modified controller
structure may eliminate such effects. The controller is further
evaluated with a set of field data. In the field trial, the Slocum
glider was programmed to map an underwater ramp feature in
Conception Bay, Newfoundland, Canada. The results from the
evaluation indicate the potential of the controller in guiding the
vehicle to follow the profile of icebergs. The control algorithm
will be evaluated and implemented in the field to map the
underside of icebergs during field trials.
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