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Environmental impact

The on-water remote monitoring robotic system estimates the georeferenced distribution of
cyanobacteria blooms avoiding physical damage on Anabaena sp. cyanobacteria colonies, which
would provide an impact on current processes for monitoring, as well as the environmental studio of
algae blooms and other benthos in the sublittoral zone to prevent possible physical damage of direct
observation.
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An on-water remote monitoring robotic system was developed for indirectly estimating relative density of marine
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cyanobacteria blooms at the subtidal sandy-rocky beach in Balandra Cove, Baja California Sur, Mexico. The system is based

on an unmanned surface vehicle to gather underwater videos of the seafloor for avoiding physical damage on Anabaena

sp. cyanobacteria colonies, which grow in tufts of filaments weakly attached to rocks, seagrass, and macroalgae. An on-

axis image stabilization mechanism was developed to support a camcorder and minimize wave perturbation while

recording underwater digital images of the seafloor. Color image processing algorithms were applied to estimate patch

coverage area and density, since Anabaena sp. filaments exhibit a characteristic green tone. Results of field tests showed

the feasibility of the robotic system to estimate relative density, distribution, and coverage area of cyanobacteria blooms,

preventing possible impact of direct observation. The robotic system could also be used on surveys of other benthos in the

sublittoral

Introduction

Automated systems, equipped with actuators, sensors, and
tools, are required to navigate and perform repetitive, dirty,
and even dangerous tasks for a wide variety of applications.
Mobile robotic systems have been deployed for mapping,
remote sensing, sampling, monitoring, and surveyingl.

Survey methods that map nearshore vegetation can be
categorized as: (1) physical, (2) off-water remote, and (3) on-
water remote. Physical methods include direct observation
and measurement by divers or beach walkers. It is always the
approach but it
requires labor-intensive fieldwork. Off-water remote sensing

recommended for preliminary surveys,
methods interpret aerial photography or satellite imagery,
aided by computer algorithms. Extended areas can be
surveyed with less field labor, but light absorption and
reflectivity of water, water clarity, resolution of the images,
and the properties of the image-collecting equipment limit the
methods. These approaches, especially aerial photography, are
expensive. sensing methods interpret
georeferenced underwater video or hydro-acoustic images

On-water remote

that can provide precise mapping of moderately large areas,
precise identification of vegetation, density, and general
ecosystem stability or instabilityz_s.

Georeferenced mapping of nearshore vegetation in very
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zone.

shallow water bodies is useful when boat-based surveys are
unfeasible. This requires careful selection of survey methods,
since direct observation and measurement by divers might
have a strong impact on delicate filaments of algae that can be
easily detached from the bottom. This problem calls for the
use of novel on-water remote sensing solutions, such as the
use of unmanned vehicles that must navigate with a strategy
to minimize the effects of perturbation. New technologies and
navigation strategies make possible vehicles with certain
autonomy and data processing capabilities reducing
operational costs with respect to manned vehicles™”. Potential
applications for these robots in biological research include
exploration, acquisition of physicochemical data, density
estimation of different benthos, or even to monitor habitat
changes by video recordings or photography.

Although there are approaches that use unmanned surface
vehicles (USVs)S_m, unmanned underwater vehicles (UUVs)“’
12, or combine unmanned vehicles and off-water remotely
sensed images (aerial and satellite imagery)lg’ 1
georeferenced on-water remote image systems that use USVs
in shallow water are uncommon.

The USVs can either be remote controlled or autonomous
robots that contain their own on-board power and self-
propelled while accomplishing an assigned task on the surface
of water” ™", Research in this area is mainly focused on the
use of microscopy and fluorometry for planktonic (free-
floating) microalgaels_zo, rather than on filaments attached to
the bottom in shallow water.
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Cyanobacteria massively proliferate in freshwater, brackish
water, and coastal marine ecosystems. Blooms of some toxic
species can cause death of aquatic organisms and even human
beings. Environmental and anthropogenic factors might
enhance bloom formations®*™. To identify possible health and
ecological risks due to marine cyanobacterial blooms, it is
important to monitor its density, distribution, coverage area,
and physical-chemical factors that are stimulating these
blooms.

This article describes the use of a georeferenced USV that was
designed for on-water remote sensing of cyanobacteria tufts in
very shallow waters (less than 1 m) through process of
underwater color images to estimate patch coverage area and
relative density.

On-water Remote Monitoring Robotic System

The robotic system (Fig. 1) consists of an USV able to travel
systematic paths based on data from a GPS and an electronic
compass or through a control panel to operate the vehicle, and
a waterproof video camera mounted at the bottom of the
robot, using an on-axis image stabilization mechanism to
minimize effects of surface wave motion. Data from the
camera is analyzed, using color image processing algorithms to
quantify the relative density of cyanobacteria blooms. Patch
coverage is determined by the positions of the georeferenced
images, in which a certain density threshold is surpassed.
Water chemistry measurements of ammonia, nitrate,
temperature, and conductivity can be simultaneously recorded
with a sonde attached to the USV keel.

Unmanned surface vehicle

The USV (Fig. 2) was made of rigid polyvinyl chloride (PVC)
plastic with a torpedo hull profile, 1.2 m long, 0.12 m
diameter, and weighing 12 kg, including the payload. Two DC
motors at 12 V and 1.75 A provide a differential steering, each
one has a three blades brass propeller and is located at port
and starboard, respectively. Endurance of two hours is
provided by two 12 V and 8 A-h sealed rechargeable batteries
for motors and other battery of 12 V and 4 A-h for the sensing,
communicating, and computing devices, which are housed in a
removable acrylic cylinder along with the electronic circuitry. A
sonde to acquire water physicochemical data and a camera—
stabilizer are attached to the keel of the USV.

The USV can be operated in an autonomous mode with
programed paths based on waypoint setup of distances (d,,)
and heading angles (0,), or in a teleoperated mode. In both
cases, a personal digital assistant (PDA) through a radio
frequency (RF) modem provides a control panel for
programming the sequence of waypoints or commanding the
vehicle, and receiving feedback of the current position
(latitude, longitude, and heading), time (UTC), and tilt angles
(roll and pitch). Fig. 3 shows a screen of the graphical user
interface (GUI) to drive the vehicle.

The USV control architecture has three controller modules:
main, sensor, and actuator. The main controller runs the
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Fig. 1 On-water remote-sensing robotic system: Unmanned surface
vehicle, control panel, image stabilization mechanism, and data
processing.

algorithms for onboard control with raw sensor data
processing, receives user commands, and manages the
external communication with the control panel via a full-
duplex RF link.

This  controller implemented on an RCM4110
microprocessor core with algorithms programmed in Dynamic
C. The sensor controller (running on a second RCM4110
microprocessor) processes navigation data from an onboard
global positioning system (GPS NMEA compliant, updated at 1
Hz rate), an electronic compass (updated at 8 Hz rate), and a
water sensing sonde YSI model 6920. The GPS is a Garmin 15xL
receiver module with a 48 dBm high-gain antenna to provide
latitude, longitude, and time through an asynchronous serial

was

Fig. 2 The USV is equipped with a water quality sonde and electronic
components; the latter were housed in a sealed acrylic container.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 The control panel contains a personal digital assistant, a radio
modem, a battery, and a graphical user interface that is used to operate
the USV.

port at 38400 bauds. A Honeywell HMR3300 digital compass
provides heading reference with accuracy of 1° RMS, a
resolution of 0.1°, and tilt compensation up to +60°. The
actuator controller receives from the main controller the
commands to drive the propulsion motors. This controller is a
custom-made, printed circuit board based on a PIC16F690 20-
pin flash microcontroller, opto-isolators, and two MC33887 full
H-Bridges to control motor power and direction.

The control panel was implemented in C# programming
language in a HP iPagq hx2790 PDA with the Windows Mobile™
5 running in an Intel® PXA270 processor at 624 MHz and a 3.5”
transflective 320 x 240 pixel display. Data between the main
controller and the control panel is exchanged using XTend®
900 MHz OEM RF half-duplex modems, programmed at 115.2
Kbps data rate with a line-of-sight range up to 1 miles.

The shape of the USV was based on the Myring26 hull profile
equations to minimize the drag coefficient with respect to the
ratio of body length and diameter and operate in shallow
water at environmental condition in Beaufort scale 1 (wind
speed interval of 1.1-5.5 km/h) and wave height up to 0.2 m.
The buoyancy force estimated was 12 N, assuming 87 % of the
hull was immersed in seawater.

The capacity of the differential motors (F;) was estimated,
based on the drag equation, described as:

Fr = Fp =3 pv*AnCp (1)
where F)p is the drag force acting on the hull, Cp is the drag
coefficient, 4; is the maximum cross-sectional area of the hull,
v is the USV forward speed, and p is the seawater density
(1025 kg/m3). Assuming the immersed area of the hull, the
forward speed of 1.5 m/s, and the drag coefficient equal to
0.7, a drag force of 7.9 N is required. Also, considering a total
efficiency reduced to 0.3, including the motor, propeller, and
mechanical efficiencies, the estimated power capacity of 40 W

is provided by the two motors selected.

Image stabilization

This journal is © The Royal Society of Chemistry 20xx

A video camera attached to the USV would swing with surface
wave motion; therefore, image stabilization is required to
reduce this movement on the video. The methods used to
stabilize the video image include external elements that steady
the camera and mechanical actuators inside the camera to
adjust the optical path27. Modern cameras include image
stabilization mechanisms, most of them active, which have
been mainly designed for stabilization on the focal plane,
compensating for small linear camera movements for close-
ups and macro-photography, or in more expensive models, to
compensate for rotation of the camera for distant subjects.
Also, these systems are designed to reduce hand shaking and
body movement associated with regular frequency movement
and small movement amplitudeszs.

There are several efforts to stabilize the camera on remotely
operated submersible vehicles”®. Most of them use active
control systems, mostly to correct linear movements in the
focal plane. The problem that our approach faced differs from
those studies in several respects. First, the downward facing
video camera needs to be stabilized on the horizontal axis, not
in the focal plane, which is the case for cameras facing
frontwards. Second, the platform is on the surface, moving
with the waves, but the camera is immersed in the water at a
specific depth. In most cases,
submerged. Third, the vehicle is driven by relatively high
amplitude—low frequency waves compared with on board
camera systems with must adjust to low amplitude—higher
frequencies produced by hand shaking. For this application, an
image stabilization mechanism was designed.

The mechanism for image stabilization is built of lightweight
plastic pieces and rubber bands. The prototype and analytical
model of the system is shown in Fig. 4. This arrangement of
passive links and a hydrodynamic base reduces roll, yaw, and
pitch movements of the camera, while the USV covers the
assigned path.

The stabilization mechanism is allocated and locked to the USV
keel; whereas the camera is mounted into the hydrodynamic
base. The system acts as a mechanical, low pass filter that can
be modeled as a damped oscillator excited by a periodic

vehicle and camera are

Fig. 4 Image stabilization mechanism and its analytical model.
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external force applied to the mass>’. The surface waves move
the USV acting as a periodic external force X(z), while the
plastic bands provide the stiffness of the spring £ in the model.
The damping component c is provided by the surface of the
hydrodynamic base acting on the water column. The
waterproof camera adds mass m to the system. The image
stabilization mechanism is designed to decouple the vertical
movement of the video camera from the movements of the
USV that are produced by moderate sea waves.

Image processing for assessment of cyanobacteria

The area covered by the cyanobacteria filaments is in constant
change as the growing conditions change. Furthermore, the
boundary of the patch coverage is undefined because isolated
filaments at the fringe could spread and grow (or be detached)
in any direction. However, a boundary could be practically
defined by setting a threshold on the density of the filaments.
Consequently, to estimate the patch coverage area through
video processing, it is necessary to identify the filaments in
each photogram, compute the relative density in each image,
and select those georeferenced images that contain a density
value above the selected threshold.

Cyanobacteria filaments exhibit a characteristic green tone,
and therefore color image processing algorithms can be
applied to the underwater digital images to differentiate them.
The algorithm to identify the cyanobacteria by color has been
described within the context of identification of structures in
histology31 and lizard color classification32, and is briefly
described below and shown in Fig. 5.

Algae pixel supervised classification. After a survey on the study
area, the video file (.mpg format) is decomposed in n images
(n video frames). A training set is comprised of 50 images
selected randomly. A biologist identifies the algae of interest in
each frame (bearing into account other features besides color,
like shape and attaching substrate) and selects certain areas
within the algae using a GUI. The images of the cyanobacteria
filaments comprise a range of tones due to biological and
physical factors (such as illumination and suspended particles).
That variability is captured within the samples identified by the
expert as the algae of interest, and registered as a matrix of
RGB color values of the pixels within the areas selected. When
all training images are processed, a cluster is calculated from
the RGB color range matrix assuming a Gaussian mixture
distribution, and a centroid and boundary limit are defined. It
is important to notice that parameters obtained from training
this set are valid only for that specific survey.

Once a centroid and boundary limits are obtained from the
training set, the complete video is processed to identify
cyanobacteria filaments in each image. RGB values are
obtained from each pixel within an image and its Mahalanobis
distance to the centroid computed, if this distance is within the
boundary limit previously defined the pixel retains its RGB
color value, otherwise it is set to color white.

4| J. Name., 2012, 00, 1-3
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Fig. 5 Procedure to compute relative density and patch coverage area.

Each frame is processed in this manner and consequently only
the algae of interest remains in the picture over a white
background.

Mosaic video processing. By counting the number of pixels in an
image that are defined as Anabaena sp. out of the total,
relative cyanobacteria density can obtained for each frame,
but further processing is required to account for overlap
between frames. As described previously, video taken of the
cyanobacteria patch is georeferenced every second. All images
taken between GPS position marks are considered for the
density estimates, since the video frame rate is higher than the
position refresh rate. Moreover, although a rectangle is
obtained for each video frame, a circumscribed circular area is
considered because the image frames can be superimposed in
any direction, depending on the heading of the USV and the
camera.

Fig. 6 illustrates this concept. Overlapping circles represent the
video frames taken, with the overlap being proportional to the
velocity of the USV. At the bottom right, a couple of circles
represent contiguous frames in the video. To
overestimating the cyanobacteria content

avoid
in consecutive

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Circumscribed circular area defined for each photogram and
mosaic video processing.

frames, the intersection has to be subtracted from the result
of adding both frame areas (mosaic video processing).

During the trajectory, depending on the USV velocity, the
superimposed circular area (4) between image frames can be
calculated by fixing the A; centroid and moving the 4; + 1
centroid a distance obtained by dividing the velocity data
between the image frames rate per second. The centroid
movement is calculated over the x-axis. Then, the sum of both
areas, minus its intersection, is calculated and this procedure
continues until a new GPS position.

Using this mosaic video processing, algal density can be found
for overlapping frames at each GPS position. A threshold can
be established to select those positions that have a certain
percentage of algal density. Those positions, labeled as inner
points, have georeferenced coordinates and therefore a
convex hull can be computed to estimate the boundary and
patch coverage area.

Monitoring Robotic System Implementation

Each element of the robotic system was tested and evaluated
in a study area. First, the USV had to be able to navigate over
the area covered by the patches under certain current and
surface conditions and gather information, following
programmed paths or teleoperated despite surface waves,
winds, and currents had to be assessed. Second, the image
stabilization mechanism had to compensate for the
movements of the USV caused by surface waves or at least be
minimized to be able to obtain useful video images for
analyses. Third, the algorithms designed for detecting and
estimating the density of the algae Anabaena sp. should be
able to differentiate this colonial organism from other
cyanobacteria in the area.

USV performance

The USV used differential driving to control the vehicle motion.
In autonomous mode, the paths to follow were composed of
waypoints that involved a distance to travel (d,) with a
heading angle (6,,) to reach a destination.

The waypoint-based path can be recorded
controller or generated and transmitted by means of the
control panel, starting on the current location of the USV. Each
waypoint (d,(k), 6,,(k)) was converted to points (x(k), y(k)) in
the Euclidean plane by the onboard algorithm, and a
proportional controller is used to follow the heading by driving
the differential motors. The GPS and digital compass

in the main

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Straight and zigzag paths performanced by the USV,
superimposed on an acrial photograph of an aquaculture pond.
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Fig. 8 Results of programmed straightforward (Ts) and zigzag (Tz)
paths performanced by the USV in an aquaculture pond: USV locations
(dotted lines) and programmed waypoints (solid lines).

information were used to estimate current position, x.(k) and
y.(k), and orientation, 0,(k). The criterion to identify if the
waypoint has been reached was defined by Euclidean distance,
for which the threshold position & must be less than the
vehicle length (< 1.2 m): If the criterion was satisfied, the USV
navigate toward the next waypoint on the path.

To validate the control algorithm, the USV was programmed to
track waypoint-based paths in an aquaculture pond located at
24° 08" 8.12°° N and 110° 25" 27.9”” W, under light wind speed
that corresponds to the scale of Beaufort 1. Figs. 7 and 8 show
the results for a straightforward path, starting at the waypoint
Ts and finishing at point a; and a zigzag path, starting on the
waypoint Tz and passing by the b, ¢, d, e, and f points. The
USV location is indicated with dotted lines, and solid ones
outline the waypoint-based paths. The experimental paths
show that the approach of waypoint tracking, implemented in
the USV, was successfully achieved.

Study area

The shallow Balandra Cove (24° 20’ N, 110° 19’ W) along Bahia
of La Paz has a shoreline that varies from mangrove, gentle
sandy beaches, and rocky reef and headlands. The sandy
bottom of the cove is an important natural asset for bottom
dwelling; also the cove is one of the major recreation areas for
residents and visitors to La Paz. At low tide, the sandy bottom
of the cove is very shallow: semi-diurnal high tides range from
1-1.5 m. Water temperature ranges from 20-31 °C, depending
on season.

The filaments of cyanobacteria were mainly composed of
Anabaena sp.33, which are usually found as straight, uniserial,

J. Name., 2013, 00,1-3 | 5
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Fig. 9 Anabaena sp. Filament structure (a), filaments (b), substrate (c),
and patches (d).

unbranched structures of vegetative cells, and heterocysts
(Fig. 9a). The filaments are usually abundant, arranged in
parallel strands or tangled screw-like spiral filaments whose
size varies from a few millimeters to about 20 cm (Fig. 9b).
Filaments are found in the subtidal zone where the bottom is a
sandy and rocky beach ranging from 0.30—1 m (Figs. 9c, 9d).

To protect the cyanobacterial colonies that were found at 0.70
m depth in the study area, the USV was operated remotely in
the area of study to gather the digital images. Additionally, the
wind reached 2 of the Beaufort scale that produces waves up
to 0.5 m height.

The image stabilization mechanism

To analyze the performance of the stabilization mechanism a
submarine B&W video camera (SWL-UWC Swann Underwater
Cam) took the profile of the USV and the camera stabilizer
mechanism (15 fps @ 512 x 304 pixels) at the seacoast near to
the cyanobacterial location.

A segment of 25 seconds of video in which the USV is freely
moved by the sea waves (Beaufort 1) was selected for analysis.
In each frame, 3 points of the image were visually selected:
two points to define the USV profile line and a third point at
the support wing holding the camera. A Matlab® application
was developed to extract the relative coordinates of these
marks. Fig. 10 shows one of the frames for analysis and the 3
points selected: Stern, bow and camera, respectively.

6 | J. Name., 2012, 00, 1-3
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Taking the coordinates in each frame as a time signal
representing the relative movement of the USV and the
camera, the effect of the stabilizer on the vertical axis was
analyzed. Fig. 11 shows a boxplot of the displacement for each
point. On each box, the central mark is the median, the edges
of the box are the 25th and 75th percentiles, and the whiskers
extend to the most extreme data points not considered
outliers. The camera mark clearly shows a similar median to
the stern mark but much smaller displacements, even for the
most extreme movements. Fig. 12 shows a frequency analysis.
The stabilization mechanism effectively reduces the movement
for the main frequency peak of the USV, which has amplitude
of 0.13 m and 0.11 m (Stern and Bow) to only 0.026 m at the
camera position (Camera). The system effectively decouples
the movement of the camera from the motion of the USV due
to the sea waves.

The algorithms for detecting Anabaena sp.

=10 T
9
% 5
£
8 o
<
[al |
4 4
Stern Bow Camera

Fig. 11 Performance of stabilization mechanism on the USV.

15
S
(0]
o
£
=
= 5
< |
1 11 1.2 1.3 14 15
Frequency (Hz)

Fig. 12 Performance of the stabilization mechanism: Amplitude vs
frequency for the stern, bow, and camera.
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Fig. 14 Patch coverage area (124 m®) for a relative density of 66 %.

20 30

Fig. 13 Cyanobacteria detection. Top, three algae: 1) Ac-’anthophora
spicifera (Rhodophyta); 2) Anabaena sp. (Nostocaceae), and 3) Ulva

sp. (Chlorophyta). Middle, algae: Acanthophora spicifera and
Anabaena sp. Bottom, only Anabaena sp.

identified in a set of 50
randomly chosen images, and the algorithm described earlier
was applied to each video frame. Fig. 13 shows a sample
image, where two types of algae and one cyanobacterium can
be identified: Acanthophora spicifera (1) that is a species of
marine red algae in the family Rhodomelaceae, Anabaena sp.
(2), and Ulva sp. (3), which is a species of green algae in the
family Ulvaceae. The middle image shows the algorithm
applied to identify only Acanthophora and Anabaena sp.
Notice that Ulva sp. has been removed, as well as the sandy
substrate. The image at the bottom shows the results for
identification of Anabaena sp. The algorithm proves to be able
to distinguish specific species of algae despite their similar
green color.

Estimating relative density and patch coverage area

Cyanobacteria filaments were

The robot in the area of interest performed several trajectories
randomly. A threshold of 66% was selected for the density
value that defines patch boundaries. Fig. 14 shows the paths

This journal is © The Royal Society of Chemistry 20xx

Fig. 15 Patch coverage arca for a relative density of 66 % superimposed
on an aerial photograph of the study area.

followed by the USV. Blue dots represent the georeferenced
positions, where the relative density estimates are below that
threshold. The red squares represent the positions with
density above the threshold. A convex hull, which represents
the boundary of the patch, is drawn by a polygon formed by
the outer red squares. Fig. 15 shows the paths and computed
boundaries superimposed over the patch. Points A and B and
their GPS coordinates are shown for reference. The aerial view
shows the patch as a brown shadow with darker tones that
signal higher density, but this is not easily quantified from the
image. The robotic system provides a closer estimate of the
density boundaries of the patch, but only as long as the paths
cover the whole surface.

Conclusions

The georeferenced unmanned surface vehicle and image
processing system is a reliable tool to acquire systematic data
acquisition tasks. This system will be particularly useful to
monitor and estimate distribution, abundance, and coverage
area of algae, seagrass, or other benthos; providing useful
information resource for environmental management
programs. The video image processing algorithms provided
precise identification of vegetation, density, and general

health of the habitat. Since video images and acquired data are

J. Name., 2013, 00, 1-3 | 7
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stored digitally, it can be reviewed for post processing and
easily transferred into GIS tools for later analysis, providing
precise information with less effort, time, and cost.

The effectiveness of the underwater video camera system can
be considerably reduced by water column turbidity. At high
turbidity, resolution of the images greatly diminishes, as does
the ability of laboratory investigators to interpret the imagery.
Hence, a preliminary analysis of atmospheric and water quality
conditions is recommended before initiating underwater
recording video of benthic habitats.

Furthermore, this robotic system is a cost-effective alternative
for on-water monitoring in shallow water; its cost is about
units of thousands of dollars instead of tens of thousands of
dollars for commercially-available systems.
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