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Abstract

Freshwater ecosystems are vast areas that are constantly changing and evolving. In order to
maintain the ecosystem as well as the structures located close to bodies of water, frequent
monitoring is required. Although dangerous and time consuming, manual operations are
the conventional way of monitoring such areas. Recently, Autonomous Surface Vehicles
(ASVs) have been proposed to undertake the monitoring task. As any other platform,
ASVs have limitations such as a restricted point of view and access only where the water is
sufficiently deep. Unmanned Aerial Vehicles (UAVSs) can fly over any terrain and provide a
“bird’s-eye-view” of the environment. However, UAVs have limited operational time due to
power constraints. Heterogeneous marsupial robotic systems use different types of robots
to augment their operation envelope, taking advantage of their individual strengths. A
marsupial survey system comprised by an ASV and a UAV for freshwater monitoring is
developed and presented in this paper. This system is able to complete long missions and
reach remote locations while also being able to generate detailed maps and inspections of
points of interest. The system was thoroughly tested during a six month period in a number
of field deployments in freshwater ecosystems at Lake Murray and at the Congaree river,
SC, USA, to validate the capabilities of the system.

1 Introduction

Monitoring the condition of bodies of water and nearby structures is an important capability for scientists,
governments, and citizens. Recently, Autonomous Surface Vehicles (ASVs) have been shown to increase the



efficiency of monitoring missions by removing the need for humans to conduct these missions (Karapetyan
et al., 2018; |Karapetyan et al., 2019). These systems, however, face their own shortcomings. Because ASVs
are restricted to the water’s surface, they have a low point of view. In marine monitoring, specifically for
algal bloom biomass characterization (Kislik et al., 2018)), a low point of view is not efficient due to reflections
and the small size of the well-observable area around the ASV. For inspecting near-water structures such
as docks and bridges, ASVs are unable to fully inspect all surfaces, particularly the tops, which can lead to
improper classification of the state of wear on a structure.

On the other hand, Unmanned Aerial Vehicles (UAVs) are ideal platforms for conducting surveys and
infrastructure inspections (Mathe et al., 2016)). UAVs, particularly Vertical Take-Off and Landing (VTOL)
capable ones, are able to provide a higher point of view than an ASV for marine surveying and can be used
to cover all exposed surfaces of a structure. Moreover, they can be equipped with mission specific sensors
for specialized inspection tasks (Kalaitzakis et al., 2019; |Jimenez-Cano et al., 2019). However, drones face
issues such as a limited flight endurance (Malyuta et al., 2019)) and a low payload capacity.

With a marsupial system, we can overcome the individual weaknesses of the two platforms. Marsupial
systems place a smaller or “weaker” robot on another larger robot to increase the capabilities of the overall
system. In our case, a UAV is placed on-board an ASV, thus extending its total mission time by having
the ASV ferry it to areas of interest. Meanwhile, the drone contributes to the overall system by providing a
higher point of view, i.e. a bird’s-eye-view and the ability to cover all areas of a near-water structure. When
the system is deployed, the following measurements are obtained: the position of the ASV, the position of
the UAV, and the relative pose between the two from a vision based tracker. By taking advantage of the
extra information, we can increase the accuracy of the system and its robustness in the event of GPS signal
loss; a process termed Cooperative Localization (Rekleitis et al., 1997; Rekleitis et al., 1998)).

The main contribution of this work lies in the development and field deployment of the proposed system.
Through an extensive period of outdoor testing spanning over 6 months, we show the effectiveness and the
robustness of the system for repeated data acquisition in freshwater environments.

The paper is organized as follows. Section [2] surveys existing work on marsupial robotic systems and their
applications in different domains. Section [3] details the system design including a high-level controller with
safety features, flight control for the missions and the autonomous take-off and landing procedures. Section
presents the cooperative localization framework used in this work, followed by a detailed description of the
system control schemes in Section Results from the cooperative localization method used, comparative
results from two different flight controllers tested for the autonomous landing task, as well as results from a
sample survey and infrastructure inspection are then given in Section [6} Section [7] provides a discussion on
lessons learned and future research directions, followed by a conclusion in Section

2 Background

Marsupial robotic systems were first introduced by Anderson et al. in (Anderson et al., 1996) where an
Unmanned Ground Vehicle (UGV) deployed a smaller UGV to inspect areas that the larger robot could not
reach. Murphy et al. (Murphy et al., 1999), were the first to use the term “Marsupial Robot” to describe a
system of a parent and child robot used in this manner. A survey of marsupial systems in several environments
is presented by Hourani et al. (Hourani et al., 2011)), where the roles that the marsupial members have are
explained and the advantages of such systems are discussed.

Recently, marsupial systems have gained popularity in the marine robotics domain. Murphy et al. describe
the use of a non-autonomous cooperative system of a UAV and an Unmanned Surface Vehicle (USV) to
survey the areas affected by hurricane Wilma (Murphy et al., 2008). The UAV, operated by a human pilot,
was used to guide the USV around broken sections of bridges and piers. Several missions involved using
the drone to cover areas that the USV could not access, such as roofs of buildings or tops of bridges. This



system set the basis for later papers in which UAVs are used to create cost maps and pinpoint features of
interest for USVs to access.

Lindemuth et al. present an early UAV-USV marsupial system (Lindemuth et al., 2011)) as an extension of
(Murphy et al., 2008). A drone is used to provide a higher point of view for tracking objects in the water.
Unlike the prior system, this system carries the UAV on-board the USV while moving to the areas to be
surveyed. This allows the drone to conserve flight time while moving to far-off locations. The drone operator
is able to use cameras on board the two platforms to navigate while the USV operator can use the drone’s
camera to find safe paths to follow. This system though does not support landing back on the USV nor
autonomous cooperative behaviors.

Marques et al. (Marques et al., 2015), present a system of a UAV and an ASV used for environmental
monitoring. The ASV acts as the carrier, while the drone is used either for data gathering or to augment
the field of view of the ASV. In order for the UAV to return to the ASV, the two platforms must cooperate.
While the ASV is trying to visually detect the UAV, the drone does a spiral search trying to detect the ASV.
The UAV is equipped with an AR marker that the ASV uses to locate it and track its pose. To ensure the
safe docking of the UAV, they utilize a safety net around the landing area. However, they report instances
where the UAV gets caught in the net, making it impossible to take-off again and continue its operation.

Marsupial systems have also been proposed in the Search and Rescue domain (Mendonca et al., 2016, where
the UAV is used to provide a high point of view to search for life boats. If a potential target is identified, the
drone hovers around the target while it transmits its location. Once the ASV arrives at the target location,
it starts searching for heat signatures similar to those from human bodies. If a signature is found, then it
relays a color image to the operation center for a human rescue team to be deployed. Since the UAV used
in this application is waterproof, it can land on water to conserve battery if it cannot dock on the ASV. For
the docking procedure, the drone needs to detect the landing platform on the ASV. However, during the
last moments of the landing, since the drone is close to the platform it is not able to detect it. As a result,
the ASV needs to also detect the UAV with an upwards facing camera. This camera though is sensitive to
lens flares and overexposure, causing difficulties in the detection of the UAV. Recent work by Hood et al.
(Hood et al., 2017)) using an indoor ground robot and a UAV reported similar problems with an upward
facing camera.

Another notable example of a marsupial system is the Mars 2020 rover and the Mars Helicopter (Balaram
et al., 2018). While the 2020 mission will primarily serve as a technology demonstrator, the helicopter aims
to improve and augment planetary exploration. The helicopter can explore large areas faster than a rover
and it can also be used to provide reconnaissance on target locations and safe to traverse routes. Finally,
the platform could access areas not reachable by a rover and retrieve small science samples.

Previous field work shows that a key characteristic to ensure the continuous and safe operation of a marsupial
system is the effective and repeatable docking and separation procedure. In the proposed system, the
separation and docking procedures are taking-off and landing on a moving platform. While autonomous
take-off is a trivial process for VT OL capable vehicles, autonomous landing is considered one of the most
challenging parts of flight, and it requires precise sensing and accurate control (Gautam et al., 2014; Malyuta
et al., 2019; |Brommer et al., 2018]). The landing problem is augmented when the landing area is not stable.

Landing on a moving platform has recently captured the interest of the scientific community. The challenges
of this procedure have been demonstrated in space, capturing a satellite (Rekleitis et al., 2007; |Christidi-
Loumpasefski et al., 2017); underwater (Myint et al., 2015; |Cowen et al., 1997)); and with aerial systems which
is the focus of this work (Chaves et al., 2015} Balmer, 2015). A common characteristic in most approaches is
the utilization of vision based positioning techniques for the task. In (Falanga et al., 2017)) specifically, the
proposed method uses only visual and inertial data for the position estimation without using any external
infrastructures such as a Global Navigation Satellite System (GNSS) or a Motion Capture (MoCap) system.
Using Visual Inertial Odometry (VIO) to estimate the state of the UAV and pattern recognition to estimate
the position of the landing platform they were able to land a UAV on a moving UGV.



As for the control methods used for the landing task there has been a variety of control schemes proposed. In
(Ghamry et al., 2016), a combination of Sliding Mode Control (SMC) and Linear Quadratic Regulator (LQR)
was used to land a UAV on a moving UGV with the state of the two platforms provided by a MoCap system.
On the more challenging task of landing on an inclined moving platform, a Model Predictive Controller
(MPC) was used in (Vlantis et al., 2015). There again, visual based position estimation is used. Finally,
in (Araar et al., 2017), Proportional-Integral-Derivative (PID) control is used for the landing maneuvers.
Moreover, a landing pad designed using a number of ducial markers of di erent sizes is proposed in this
method to allow for a better position estimation from di erent distances from the target.

In most cases of autonomous landing on moving platforms, the moving platform utilized is a ground vehicle.
While in ground vehicles the roll and pitch motion of the platform is negligible, that is not the case in
boats, as the motion of the water is expected to a ect them. In (Sanchez-Lopez et al., 2013), an e ort to
create a test-bed that models the motion of a vessel deck was made using a parallel robot. Then, using
on-board computer vision and ltering techniques, they were able to estimate the motion of the platform
from a UAV. A similar deck emulator platform was used in (Wang and Bai, 2018), where a small scale UAV
using computer vision position estimation and a set of PID controllers was able to land on the platform.

The ability to localize one robot based on observations taken by a second robot is termed Cooperative Lo-
calization (Rekleitis et al., 1998), and was rst introduced as a cooperative positioning system by Kurazume
et al. (Kurazume et al., 1994; Kurazume and Hirose, 2000). Many approaches were introduced based on the
Kalman (Roumeliotis and Bekey, 2002) or Particle (Burgard et al., 2000) Filters for exploration, localization,

or SLAM (Rekleitis et al., 2001). It is an NP-hard problem (Dieudonre et al., 2010). In this paper the drone
observes the ASV enabling navigation even when GPS signal is lost.

3 System Design

Figure 1: A view of the UAV-ASV marsupial system where the UAV follows the ASV at a safe distance
during eld trials.

In this work we developed a marsupial robotic system composed of an ASV, the AFRL Jetyak (Moulton
et al., 2018), and a UAV, the DJI Matrice 100%, both shown in action in Figure 1. Next, a brief overview of
the system is presented.

Lhttps://www.dji.com/matrice 100



The AFRL Jetyak is an ASV based on the Mokai Es-Kapé, a 3.6 meters long boat with a seven horsepower,
four stroke engine (Moulton et al., 2018). Its operation time can vary between 4 and 18 hours depending
on the speed of the boat and the maximum payload capacity is 163kg. The system is augmented with a
Pixhawk PX4 micro-controller and an RFD900+ radio. This allows for remote and autonomous operations
of the vehicle as well as telemetry broadcasting. The Jetyak system architecture can be seen in Figure 2. For
the purpose of this project, a 212m 1:2m landing platform was designed and built in our lab. The platform

is attached to the top of the Jetyak behind the mast. The platform features a quick release mechanism as
well as a folding surface, for easy transportation and quick installation on the boat.

Figure 2: Block diagram of the ASV system architecture. The blue blocks are open-source ROS layers, the
green blocks are the developed components, the magenta blocks are the hardware peripherals of the ASV
and the cyan one are hardware peripherals of the UAV. The dotted line denotes the use of the cooperative
localization data in the Jetyak controller.

Following the example of (Araar et al., 2017), a bundle of six AR tags (Fiala, 2005) of various sizes is placed
on the Jetyak. Specically, a set of four AR tags, 5Zm 52cm each, are placed on the landing platform
while a set of two tags, 18m 13cm, is attached at the base of the mast. The landing platform bundle
is used to provide a visual tether over long distances while the mast bundle is used when the drone ies in
close proximity to the Jetyak. AR tags were chosen over other ducial markers like April tags (Olson, 2011;
Wang and Olson, 2016) for their e cient and fast tracking performance. Our experimentation found that in
the deployed hardware on-board the drone, AR tag tracking is providing accurate position measurements at
13Hz while April tag tracking has a lower rate of 5Hz.

The DJI Matrice 100 is a development-focused platform for autonomous aircraft research. The on-board
computer used is a DJI Manifold, based on the NVidia Tegra TK1. A Zenmuse Z3 gimbal camera is attached
for data gathering and visual position estimation, and an RFD900+ radio is used for communications with
the Jetyak and the Ground Control Station (GCS). All the peripheral devices, as well as the UAV's N1
Flight Control System, are connected to the on-board computer. The computer is able to access the sensor
data and send high level controls to the drone using the DJI Onboard SDK.

The two platforms and the GCS communicate over MAVLink. The connection allows messages to be ex-
changed either directly from one node to the other, or indirectly through another node. The Robot Operating
System (ROS) (Quigley et al., 2009) was used as a middleware to develop the systems for both platforms
as well as the communications between them. Radio broadcasts can be accessed using MAVROS, a ROS
package that provides the communication drivers for MAVLink.

2 http://www.mokai.com/mokai-es-kape/



Figure 3: Block diagram of the developed UAV system architecture. The blue blocks are open-source ROS
layers, the green blocks are components developed for this project, the magenta blocks are the hardware
peripherals of the UAV and the cyan one are hardware peripherals of the ASV.

The overall architecture of the UAV system, with its individual components can be seen in Figure 3. The
system is designed in a highly modular way, that allows wrappers to be written for each hardware component,
such as the gimbal camera or the ight control system. This increases the interoperability of the system.

3.1 Visual position estimation using a independently controlled gimballed camera

The most important subsystem of the UAV is the gimballed camera. The camera is being used to gather
data during infrastructure inspections and surveys and most importantly it is used to provide an estimate
of the relative position between the two platforms. While in most cases where cameras are used to provide
position measurements the cameras are rigidly attached on the platform (Sanchez-Lopez et al., 2013; Vlantis
et al., 2015; Falanga et al., 2017), in our case the camera can move independently of the platform.

Having the camera able to move independently of the platform, provides the advantage of being to able to
track the target even in situations where the drone is not facing the boat. Moreover, when the drone ies
close to the platform, even small movements could lead to tracking loss with a stable camera. With a moving
camera though, the gimbal can rotate in order to keep the target always in the camera’'s eld of view and
thus maximizing the rate of data from the visual position estimation algorithm. By tracking the relative
orientation of the gimbal frame to the body frame, we can transform the position measurements from the
camera frame to the body frame. The UAV used and the gimballed camera with the two coordinate systems
are shown in Figure 4.

In most cases where gimbals are used in UAVSs, their role is to compensate for the motion of the UAV and to
keep the camera's orientation. In our case, the gimbal is independently controlled in order to keep a point of
interest in frame. Two di erent control scenarios were implemented. First, if the target is already in frame,
the gimbal is rotated as to always keep the target in the center of the image. When the target is not in the
line of sight of the camera but its position is known, then the gimbal moves so that the projection of the
target aligns with the center of the image. In the case of tracking the Jetyak when it is not in the line of
sight of the drone, the position of the boat from the cooperative localization framework is used to control
the gimbal.
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