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The Slocum glider’s long-duration and cost-effective oceanographic data collection
capability, coupled with remote operation from shore, makes them ideal platforms for
oceanographic research. However, once submerged in standard operation, instrument control,
waypoints, behaviors, and more are set until the vehicle resurfaces. This lack of underwater
adaptive control can lead to limitations in scientific sampling, limiting the glider’s ability to meet
the mission’s scientific goals. Such goals could be oil spill detection or processing large data
files from onboard sensors. Both require either optimizing the autonomous underwater vehicle’s
(AUVs) flight path intelligently and adaptively, which allows more data collection in
scientifically rich areas, or an increase in onboard computing power for an increase in data
processing capability.

Due to the need for enhanced control capability while underwater, the Slocum glider
Backseat Driver (BSD) architecture has been in development for over ten years, but its
utilization has been limited by the availability of resources and expertise on the subject, resulting

in limited end-user implementation.
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In this work, I present a manual for using the Slocum BSD architecture on a G3S Slocum
glider. It contains examples for setting up an external controller (a Raspberry Pi 4), managing
file transfers, incorporating real-time sensor data for decision-making, and advancing the ocean
simulation capability of a glider simulator using a Slocum Fleet Mission Control (SFMC) script.
I also demonstrate two Slocum BSD architecture test cases to autonomously navigate with a
ninety-degree offset from the depth-averaged current (DAC), then on a heading calculated to
minimize deflection distance while crossing a large-scale current.

Four simulations were run, two with the standard industry practice of using a distant
waypoint to control the heading when crossing large-scale fast-moving currents, and two with
the Slocum BSD architecture use-case examples. The missions utilizing the BSD architecture
updated the heading less frequently and did so with a more optimal average heading. All
examples listed previously, and more, are explained in far greater depth in the accompanying
manual titled: Implementing the Backseat Driver Architecture on a G3S Slocum Glider: A
Manual for Operators.

Through using the Slocum BSD architecture, we can fully realize the glider’s true
capability for long-duration and cost-effective persistent oceanographic sampling presence in
challenging regions throughout the globe. This research and accompanying manual provide a
starting point for glider pilots, technicians, scientists, and others when working through how to
use the Slocum glider’s BSD architecture. The ability to use this incredibly powerful way to
enhance the Slocum glider’s capability and data collection is only limited by our imagination and

ingenuity.
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INTRODUCTION

Slocum gliders are well suited to sample the world’s oceans. They are highly cost-
effective and capable of multi-month missions gathering thousands of vertical casts of
oceanographic data [1]. Slocum gliders’ capabilities coupled with their remote programmability
makes them ideal platforms for oceanographic research. However, like any system purely reliant
on onboard power, operators of Slocum gliders must make energy consumption decisions
causing tradeoffs between scientific sampling, communication with shore for real-time data
telemetry, and flight trajectory. The interplay between these variables must be accounted for by
glider pilots as they ensure ample data collection for a successful scientific mission.

During an ocean deployment, the standard operating procedure is to have the glider
communicate with the shore via the Iridium satellite network. This method is bandwidth limited
and connections are lost as the glider is submerged. Therefore, pilots ashore cannot make
decisions for an underwater glider in real-time and mission parameters about sampling and
waypoints are only configurable during surface events. While Slocum gliders have enabled a
persistent oceanographic sampling presence in challenging regions ranging from polar oceans
[2], beneath tropical cyclones [3], [4], and across ocean basins [5], the lack of adaptive control
between vehicle surfacings can limit scientific sampling.

The implementation of a BSD architecture onboard the autonomous underwater vehicle
(AUV) can help meet this gap in capability. A system with a BSD can help answer questions
ranging from detecting and mapping the extent of oil spills [6], [7], mapping the underwater
portion of icebergs [8], following thermoclines [9], coastal upwelling fronts [10], haloclines [11],
processing ADCP [12] or side-scan data [13], and optimizing the flight of the glider as it

navigates ocean currents, as described in this work. Each of these examples requires optimizing



the AUV’s flight path intelligently and adaptively, which allows more data collection in
scientifically rich areas. To address this desired increase in vehicle capability, the Slocum glider
BSD architecture has been in development for over ten years, with significant development
efforts in recent years. Its use has been limited by availability of resources and expertise on the
subject, resulting in limited end-user implementation.
METHODS: REQUIRED HARDWARE

There are three main components to this work: a G3S Slocum glider or a shoebox glider
simulator, an external controller, and the hardware and software connection between the two. A
fourth component, a Slocum Fleet Mission Control script was made to verify proper external

controller operation.

Slocum G3S Glider Simulator
Termed the “shoebox’ due to its oblong rectangular shape, Teledyne Marine makes a

dedicated G3S glider simulator. It has a flight computer and science computer with all standard
science ports allowing for connection of sensors in the typical manner.

The external controller must exist within the size and energy consumption constraints that
come from being inside a Slocum glider on long-duration missions. Therefore, the external
controller should be an energy-efficient small form factor single-board computer. This has led to
the adoption of common external controllers such as a BeagleBone Black [14] or a Raspberry Pi
4 [12]. For this work, the external controller selected was a Raspberry Pi 4 Model B due to
accessibility of resources and ease of beginner use, making it well suited for educational
purposes. Additionally, its Wi-Fi capability is not only useful for the lab setting, allowing remote
access through the secure shell protocol, but its ability to generate its own Wi-Fi connection

means it is also possible to connect to the Raspberry Pi while it is in a glider.



That said, there are many other computers that could be used as an external controller.
Selecting the proper external controller comes from the perspective of the science mission, as
excess computing power increases power consumption, along with size and/or shape, connection

ports and useable communication protocols, and weight considerations.

Backseat Driver Concept, Wiring, and Implementation
In this thesis the term: BSD is the conceptual context of adding additional processing

capability onboard a vehicle outside its standard control scheme for improved adaptability;
Slocum BSD architecture is the hardware and software required to implement the BSD concept
onboard the Slocum glider (the physical cable connections, communication protocols, and the
like); external controller is the additional computer added to the existing glider control structure.

A Slocum glider has a flight computer and a science computer. The flight computer
handles all behavior characteristics and communication protocols with the shore. The science
computer handles all scientific sensor and data collection protocols. Although different, the two
computers talk with one another via a logic pathway called the clothesline. However, the flight
computer typically does not adapt its behaviors based on what the science computer “sees” of the
ocean. Like the clothesline between the two glider computers, the science computer and external
controller are connected via the science computer’s sensor ports. To the glider, the external
controller functions like a typical science sensor where specific abilities about when to sample
(in this case when to be powered on) are determined by the glider.

Standard behavior arguments (b_args) are set once at mission start by the values
throughout the glider files and on the surface mid-mission by pilots altering the files via Iridium.
The Slocum BSD architecture allows for b_args to be dynamic while under the surface of the
ocean by giving the external controller the ability to request and overwrite certain b_arg values

stored in glider memory, allowing for in-situ autonomous adaptive control.



The external controller is used and/or controlled in multiple files on the glider. When a
mission begins, the glider initializes values from onboard files and stores them in the flight
computer’s random-access-memory. The external controller then actively overwrites these values
as the glider is flying, altering the behavior at that point in time. By allowing the b_args to be
dynamic, new glider behaviors can be actualized through the external controller’s dynamic

controllability and potential increase in computing power, if greater processing is required.

Simulating a Western Boundary Current with a Glider Simulator and SFMC Script
Our Slocum BSD architecture use case changes the glider’s heading mid-mission based

on the vehicles calculated values for ocean current speed and direction; however, in standard
glider simulation the ocean conditions are set once at mission start and remain static throughout
the simulation. Thus, in order to test this application, we first developed a way to update the
glider simulator’s water direction and magnitude mid-mission by using a Slocum Fleet Mission
Control (SFMC) script.

SFMC is the web application used to manage a Slocum glider in real-time [16]. One of
SFMC'’s capabilities is user-configurable scripts to control the glider, freeing a human pilot from
directly issuing commands during every surfacing. A typical script will read the surfacing output
from the glider and issue commands for sending and receiving files before telling the glider to
resume the mission and dive. Utilizing this system for our simulation glider, we created a script
that reads the glider’s longitude from the surface dialog. The script then issues two commands
('put s_water speed and !put s water direction) based on a user defined representation of an
ocean current environment. Once the simulated ocean variables are updated, the glider simulator
resumes flight using the new values, creating the effect of glider traversing a changing current

field.



SIMULATIONS

Using the shoebox simulator, the Raspberry Pi 4 as the external controller, and the
associated wiring and programming, four simulated missions were run in an SFMC controlled
current field roughly approximating the Yucatan Channel’s Depth Average Current (DAC). All
four began at the same location just offshore the Yucatan Peninsula and represent 22 days and 7
hours of simulation time. The first two missions were run using the goto_list behavior: Mission
1, with a waypoint due east of the start location, and Mission 2, with a waypoint due southeast of
the start location. Both waypoints were extremely distant, on the same longitude as the
westernmost part of Africa, a common practice to effectively program the glider to fly on a
constant heading. Two missions (3 and 4) were run utilizing the Slocum BSD architecture with
the set _heading behavior using the external controller to control the glider’s heading based upon
the glider’s calculated DAC. When the glider surfaced and updated its DAC calculation, the

external controller would read the new current value and update the glider’s heading.

RESULTS

Given acceptable time and deflection distance constraints, the Slocum glider utilizing the
BSD architecture better met the mission objective of crossing the ocean current. Although
Mission 2 had the shortest northward deflection distance it took an excessive amount of time.
Mission 3 and 4, with headings between Mission 1 and 2, crossed the currents at a more optimal
angle, better meeting the time vs distance trade-off (Figure 2A). In other words, the missions
controlled with the Slocum BSD architecture crossed the fast moving currents in less time and
with less northward deflection than when using standard practices for piloting gliders in areas of

fast-moving currents.



Missions 1-4: Simulated Depth-Averaged Current Field
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Figure 1: Blue dashed lines delineate the boundaries between changing currents, with the arrow in each vertical slice
of longitude indicating the magnitude and direction of currents within. All gliders started at 21° N, 86.5° W and
proceeded east. Four missions were ran in this current field: (1) Green has a waypoint due east of the start location
near Africa; (2) Black has a waypoint due southeast of the start location, between South America and Africa; (3)
Orange is controlled with the Slocum BSD architecture setting the heading 90° to the right of the DAC; (4) Purple
also uses the Slocum BSD architecture to control the heading based upon the DAC, with the addition of calculations
to pick the heading that should result in the smallest theoretical northward deflection distance. The sawtooth pattern
is due to the time underwater vs time on the surface. The simulated vehicle is subject only to currents (there is no wind
forcing).

Missions 3 and 4 demonstrate the viability of operating an external controller for a total of
8.59 days. While this is not conclusive for weeks-long or multi-month missions, this indicates an
external controller is capable of proper operation for the extended periods of time required for a
glider mission.

That said, the external controller’s behavior is not always predictable. While the same
Python script ran for the duration of Mission 3 and 4, its execution time ranged from 18.46 seconds

to 43.19 seconds. This wide variability, while troubling, has some potential solutions [15].



Time to Reach 086° 13' W and Northward Deflection Distance
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Figure 2: A — Mission 3 and 4’s times and northward deflection distance is more optimal. B — Mission 3 and 4 are
between the two waypoint mission heading extremes.

Although setting a distant waypoint could result in the more optimal mean heading of
117°T from Mission 3 (Figure 2B), doing so would continually update the heading while
submerged. In contrast, the two missions utilizing the BSD architecture did not update the
heading as often (Figure 3). This is due to the external controller reading the DAC upon
surfacing, changing the set heading behavior’s ¢ _heading before diving and resuming the
mission. While underwater, the glider's ¢_heading does not alternate back and forth towards a
distant waypoint; instead, it remains at the fixed value set by the external controller during the

surfacing.
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Figure 3: The green, black, orange, and purple corresponds with Figure 1. Mission 1 and 2 are waypoint missions;
thus ¢_heading yaws back and forth as the glider flies towards a distant waypoint. Mission 3 and 4 utilize the BSD
architecture updating the set_heading behavior with ¢_heading only changing when m_water vel dir is updated at
the surface. At the start of Mission 4 m_water vel dir improperly represented s water direction causing the
external controller to update the heading often and not accurately.

The presence of the external controller enables the fine-tuning of the desired cross-
current heading to optimize deflection distance versus time, balancing the trade-offs of spending
more time for a lower deflection. This also shows the capability for the external controller, via

the Python script, to adapt a behavior on a glider as the end-user sees fit.



Backseat Driver Manual
To further enhance communities’ resources, in this work I have written a manual,

referred to throughout, which provides numerous use-cases of how to use the Slocum BSD
architecture: Implementing the Backseat Driver Architecture on a G3S Slocum Glider: A Manual
for Operators [15]. The manual is intended as a starting point for anyone to leverage the BSD
architecture on a Slocum glider for their own specific needs.

It contains background, practical guidance, and examples for configuring an external
controller, integrating real-time glider sensor data, datafile transfer and management, simulating
scientific sensors for validating proper external controller behavior, and more. The manual and
all relevant files are available on GitHub.

DISCUSSION

There are many ways to implement a BSD in a given system; this is but one. While BSD
work alone is not uncommon, this work has gone an extra step by creating an extremely detailed
manual so future users can leverage the Slocum BSD architecture to fit their specific use-case.
However, it is worth remembering that there is no “set” way to utilize the Slocum BSD
architecture. Choice of external controller, type of control and glider sensor values are all use-
case specific questions that must be decided upon.

This work has one main limitation: the glider simulator is not designed to accurately
represent a real-life ocean environment, requiring the SFMC script and simulated science sensor
work-around. With further development, the SFMC script could integrate latitude for a higher-
resolution simulated ocean current and more simulated sensors could be made; however, the
simulator's present capabilities place restrictions on lab-based testing, necessitating in-situ ocean

missions to properly validate glider characteristics.



Furthermore, the time involved with tests of this nature, simulating glider missions, is
long, and there is at present no way to speed up the glider’s simulation. Moreover, only one
simulation can be run at a time, necessitating thorough testing, debugging, and verification
before committing to a multi-day, or longer, test.

CONCLUSION

While this work and operational manual created is one step as we continue towards ever
greater capability for answering our science questions, there are far more possibilities within the
BSD concept than anyone can possibly hope to cover in one work.

As the true strength of using a BSD is the creativity in unique vehicle control it can
afford, we must continue to leverage and expand upon our existing structures to better capture
relevant data. Thus, using the Slocum BSD architecture should be paramount. To realize this
expansion of the Slocum glider’s potential, education and outreach is required.

Greater collaboration between the engineers creating these systems, scientists desiring
data, and the pilots operating the vehicle is necessary. Translation between the different groups
and mindsets to leverage the strengths of each towards the common goal of furthering
oceanographic data collection, and ultimately humanities relationship with our planet, is in dire
need.

Using the knowledge gained from everyone’s backgrounds, we can better implement this
incredibly powerful method to enhance the Slocum glider’s capabilities for data collection. The

Slocum BSD architecture is limited only by our imagination, and our ingenuity.
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