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Abstract — Introducing Cthulhu, the 2022
RoboSub entry of Duke Robotics Club. While
we transition back in person, we continue to
build upon our core tenets of flexibility and
reliability. Our team of 25+ student engineers
has built an AUV which not only can re-
liably perform fundamental movements, but
can also effectively execute high-level complex
tasks by concurrently running these funda-
mental building blocks. Our priority was to
design simple, modular systems with minimal
interdependence that can be tested and iter-
ated upon virtually. Notable strategic additions
include: revamped mechanical actuators, up-
graded computer vision, precise acoustic sens-
ing, and a flexible task planning framework.

I. COMPETITION AND DESIGN STRATEGY

Based on our experience from prior years, we
had a good idea of what tasks would appear in
competition. We would have to pass through the
gate, followed by some combination of bumping
buoys, dropping markers, shooting torpedoes, and
picking up objects. We would also need to be able
to follow the task markers – meaning our AUV
would need to see the marking lines and register
the acoustic pingers. We chose to keep general
robot design flexible so we could easily debug
components on the fly and quickly adapt to the
specifics of this year’s competition.

Our overall strategic vision is to focus on places
where we can use our most reliable systems to
complete core tasks. These tasks make up our
core competition strategy, and are expected to
be completed on every competition run. We also
identified some additional tasks that we have

high confidence in but did not include as part
of our core competition strategy due to on-site
complications. We will dive deep into this task
prioritization in the subsections below.

A. General Strategy: Flexibility and Modularity

A major part of our general strategy this
year was a focus on navigational reliability and
maneuverability, removing limitations on what
Cthulhu can sense and accomplish. We iterated
on our acoustics and CV systems, adding another
hydrophone array and stereo vision cameras to
increase confidence in their predictions. These
detection algorithms are a key part of our compe-
tition strategy, making sure that Cthulhu is always
able to navigate to points of interest and plan
tasks out accordingly. Because movement is a
part of every task, maintaining a high level of
maneuverability is key for our competition strat-
egy. We designed our cascading controls system
to be worry-free, allowing reliable control in all
6 degrees of freedom.

We have continued to build upon our lean,
organized codebase based on Robot Operating
System (ROS) where the code for each software
system (e.g. computer vision, controls) lives in its
own package. A new task planning system was
built using state machines, affording us flexibility
and ease when developing new tasks. All code
is highly documented, with README’s for each
package and docstrings for all functions. This
emphasis on organization has proved crucial for
quickly onboarding new members, as well as
facilitating a streamlined development process.
Removing the friction of developing new features
has increased our productivity and allowed us to
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cover a wider range of tasks in our competition
strategy.

B. Choose Your Side - Gate

We made it a top priority to consistently iden-
tify and move through the gate, since this is the
standard qualification task. Our mechanical design
and controls system are already well-suited to
handle the movement required for going through
the gate. CV can accurately identify the boundary
of the gate and the tick in the middle. It also
creates a depth map telling us approximately how
far the robot is from the gate using stereo vision.

With all of the above inputs and our bottom-
up task planning framework, we are confident
that Cthulhu’s CV system is reliable enough to
recognize the gate. We will elect to do a coin
flip to decide our robot’s initial heading. Our
cascading controls system will maintain a fixed
heading as Cthulhu move’s through the gate.

Because Ctuhlhu’s frame and thrusters afford
6 degrees of freedom, we are confident that we
can accomplish any style tasks. While moving
through the gate, we will perform two 360 degree
rotations.

C. Make the Grade - Buoys

The buoy task is another core component of
our competition strategy. Thanks to our deep-
learning-based computer vision algorithms, this
task became fairly simple. Our CV is robust
enough to correctly identify path markers and
buoy locations, even from a distance and in a vari-
ety of lighting conditions. Cthulhu will follow the
path markers until it can see the buoys, after which
it will move to bump the buoy corresponding to
the bootlegger. We were able to integrate this task
into our autonomous runs with minimal added
complexity thanks to our modular task planning
framework.

D. Collection - Bins

The bin task is not core to our competition strat-
egy, but we are confident that we can navigate to
the bins and drop markers in them. Our redesigned
actuators and downward facing camera greatly
simplify the bins task. Once Cthulhu navigates to
the bins, CV can tell us the position and distance
estimates with stereo vision.

Fig. 1. Buoy Object Detection via Detecto CV

Although this is a more difficult task overall,
Cthulhu is prepared with all the necessary com-
ponents to execute it. As such, it is not a core task
but one that we feel can be reliably completed as
part of our strategy.

E. Survive the Shootout - Torpedoes

While Cthulhu has a torpedo actuator, we were
unable to fully test it in a realistic scenario at
depth. We decided to focus on perfecting the
marker-dropper and claw actuators instead. As
a result, the Torpedo task is not a part of our
competition strategy.

F. Cash or Smash - Octagon

The Octagon task is the most challenging, but
still part of our competition strategy. Our im-
proved acoustics system allows us to accurately
identify the location of acoustic pingers, which
will be switched on for the Octagon Task. De-
veloping a more reliable acoustics system was a
major priority this year, as we knew the Octagon
and Torpedo tasks did not have path markers
pointing to them.

Given the current capabilities of Cthulhu, we
have confidence in locating and surfacing inside
the octagon. Our competition strategy is not de-
pendent on picking up the bottles and moving
them to the tables, as we have not tested our claw
enough. Given the complexity of the undertaking,
we decided it was more prudent to focus on other
core tasks.
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II. DESIGN CREATIVITY

A. Mechanical Subsystem Novel Aspects

Cthulhu features a new suite of servo-based ac-
tuators. In previous years, we had issues with the
reliability of existing mechanisms. Because our
competition strategy is reliant on some core tasks
that should be completed with 100% confidence,
we decided to revamp each of our actuators to
make sure they would be reliable in all cases.

Cthulhu’s new claw is significantly more ver-
satile than its predecessor. Our original claw only
had two jaws, while our new design has four.
The quad-jaw design allows our claw to obtain
a secure grip on a wide variety of objects.

Fig. 2. Quad-jaw Claw

B. Electrical Subsystem Novel Aspects

The electrical team allows other subsystems to
abstract away the low-level implementation details
and simply trust that the electrical components
on board will work when needed. Much of the
year was spent on reinforcing existing features
of Cthulhu, with a reorganization of the electrical
stack and improvements to the acoustics system.

1) Electrical Stack Overhaul: After a few
years of iteration on Cthulhu, we found that the
electrical stack had incurred some technical debt
that affected the reliability of our components. To
remedy this, we tore down and rebuilt Cthulhu’s
power distribution and computer systems. We
replaced aging components and redesigned the
internals of the capsule to support upgrades to our
CV, sensor fusion, and acoustics systems.

2) Acoustics: This year, the team decided to
take on the challenge of designing our own am-
plifiers for the hydrophone array. All amplifier and
filtering modules were housed on a single PCB,
which was more space-efficient and allowed for
similar trace lengths—a critical characteristic of
our system that relies on the precise timing of
signals from the different hydrophones.

Since the characteristics of the pings were
known, everything was built around the specific
frequency range and current magnitude. Low-pass
filters with a cutoff frequency of 50kHz were
used to eliminate noise and upper harmonics.
Additionally, given the very low signal currents
from the hydrophones, a total gain of 10kV/V was
applied conforming to the desired output signal
characteristics.

Processing occurs in two steps. First, we use
one array to obtain an initial guess for the octant
in which the pinger is located relative to Cthulhu.
The four hydrophones are generously spaced 0.3
meters apart in a right triangular pyramid con-
figuration. Using a Butterworth bandpass filter
[5] on the desired frequency, we obtain the time
differences between the pings in the x, y, and
z axes as they reach each hydrophone. After
performing a cross-correlation to obtain the time
differences, we can derive our ”guess octant”.

Next, we use our guess and the other hy-
drophone array to precisely locate the pinger.
The second array consists of four hydrophones
spaced just millimeters apart in a square. Using
synchronized readings from the hydrophones, a
Short Time Fourier Transform is used to obtain a
magnitude and phase list. After several window
selections, a final small window is determined
based on the stability of the phase difference
between each hydrophone pair. The phase differ-
ences and the guess from the first step are inputted
into our Time Difference of Arrival algorithm to
locate the exact horizontal and vertical bearings
for the pinger.

C. Software Subsystem Novel Aspects
1) Computer Vision: The CV team’s primary

focus this year was improving our stereo vision
algorithm, which allows us to identify the 3D
locations of target objects. Detecto [1] generates
bounding box predictions for target objects, and




