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Abstract— Over the last two and a half decades, the design
of both Autonomous Underwater Vehicles (AUVs) and Au-
tonomous Surface Vessels have matured considerably as the
original academic and commercial designs have been deployed
in the field. In the case of AUVs, the designs typically came
from the scientific community based on fundamental theoretical
principles that, in most cases, were well understood and easy
to formulate. Numerous companies now provide off the shelf
solutions across a variety of scales and application areas. Most
of the offerings are very similar with torpedo shaped vehicles
and depth ratings that are standard in the ranges 100m, 1500m-
3000m, and 4500-6000m.

In this paper we look instead at some of the evolving designs
and challenges facing the AUV/ASV technologies. Some of these
challenges such as docking have been around for two and a
half decades. Other challenges include the disruptive forces
associated with technologies such as hobby electronics and IoT
(the internet ofthings). The focus of this paper is to look at a
number of examples of AUVs and ASVs that are typically non-
traditional in terms of their design and how they evolved to fit
their respective niches. Examples of such concepts include the
original ABE, Seabed and Sentry vehicles at WHOI and the
hybrid AUV/ROV technologies that were also pioneered there.
We extend our analysis to look at Autonomous Surface Vessels
to point out how the Jetyak Autonomous Surface Vessel (ASV)
came to be and why it and ASVs such as the Wave Glider
are unique platforms and the design lessons we can learn from
them.

Finally, we present a taxonomy of vehicles and applications
across multiple, mostly orthogonal axes. This analysis highlights
two important issues for the field physical constraints that are
hard limiting factors, and areas where future innovations may
arise. The axes along which we conduct this exercise include
endurance (battery capacity), spatial sampling scales (cm to
100s of kilometers), temporal sampling scales (sub second to
hours, days, weeks, and months), depth rating, manipulation
capabilities, and docking technologies.

I. INTRODUCTION

We use this opportunity to reflect back on a quarter century
of development of scientific marine vehicles. We attempt
to track major trends, observe developmental hurdles and
try to show areas and applications that are ripe for further
investigation and development. We start with a discussion of
AUV docking technologies, which the community has been
pursuing, somewhat unsuccessfully, for almost twenty five
years. We look at the constraints that are unique to that
problem. and attempt to identify the critical components
solution that is holding back its full potential. We then
turn our attention to non traditional AUVs concentrating
especially on how the non torpedo shapes evolved and now
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occupy their respective niches. We extend this analysis to
consider manipulation underwater and how it led to a new
class of Hybrid Remotely Operated Vehicles (HROVs). We
then take a look a certain class of ASVs and how an analysis
of their characteristics led to the development of the highly
successful Jetyak ASV. Finally, we discuss the progress made
in the autonomy of marine vehicles from the very basic
depth and heading controlled vehicles running preplanned
lawnmower missions to robots attempting to address adaptive
mission planning problem.

II. DOCKING

Docking is a technology that has always held the potential
to allow long term deployments for a variety of spatial and
temporal missions. Docked AUVs would enable scientific
missions including repeat surveys at hydrothermal vents for
change detection, provide a larger spatial context to standard
physical oceanographic moorings and allow scientists to
harvest and relay data from sensors arrays on the seafloor,
[1] provides a comprehensive analysis of science missions
that would be enabled by docked or resident AUV systems.

The fundamental problem however has been that docking
systems, despite decades of investment and research effort,
are still not reliable enough for routine use. In this section,
we will discuss two major schools of thoughts used in design-
ing docking systems and try to identify the major hurdles to
realizing the full potential of docking technologies. We focus
our discussion on docking for scientific missions as opposed
to docking into pre-designed panels for interventions like [2]
and [3].

The very basic requirements for a docking system are me-
chanical containment of the AUV for multiple deployments
and power and data transfer to recharge batteries, and to
upload missions and download data. But while these are the
obvious constraints, as a community we have learned that
these are not the only issues that matter. Some of the lesser
appreciated factors include the requirements to

1. Allow for multiple vehicles on a single dock.
2. Allow for vehicles of different sizes and configurations

on the same dock.
3. Consider docking close to the surface, in the mid water

column, and on the seafloor.
4. Consider the joint space of AUV and dock to optimize

the docked AUV concept.
5. And finally, consider the end goal of the mission to

ensure that the dock is compatible with scientific and other
mission goals.

An apt analogy for a dock might be, as shown in Figure 2,
an airport capable of serving multiple airplanes of differing
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Fig. 1. REMUS style conical docking concept on the MOOS system [8]
and MIT-AOSN dock-to-wire concept [12]

sizes, needs and in different wind conditions necessitating
multiple runways.

If we examine the efforts that have been proposed and
tested so far, the leading concept is a conical style dock
employed for torpedo shaped vehicles. [4]–[11]. The benefits
of this style of dock is that it requires minimal modifications
to the AUVs and can in theory achieve the basic missions
related to mechanically securing the vehicle, and allowing
for data/ power transfer. However, if we examine this design
in the context of the additional factors outlined above the
design is less than stellar. The dock needs to be custom
designed to match the docking vehicles. Additionally, after
deployment, the AUV approach requires precise navigation
and is limited in approach angle in order to dock successfully.
A simple change in sensor layout, adding a sensor with an
outside protuberance, for instance, would negate the entire
design. On the opposite end of the spectrum is the MIT-
AOSN dock-to-wire style design used in [12] and [13]. The
major selling point of this design is that it is a universal
design that could work for a wide variety torpedo shaped
and non-torpedo shaped vehicles. Additionally, it can be used
either on the surface or at the sea-floor and in relatively
high currents. However, this design too has its downsides as
it makes trade offs in the design space to achieve some of
the additional goals outlined above but only at the cost of
additional bulky hardware on the AUV. As we look forward
it will be interesting to see what a successful design will
eventually look like.

III. NON TRADITIONAL AUV DESIGNS

While the majority of AUVs are torpedo shaped for the
obvious reason that they want to minimize drag there have
been a number of non torpedo shapes that have grown
to occupy niche applicatioons. Perhaps one of the earliest
successful examples was the ABE AUV that was hover
capable and designed to work in rugged terrain near the
seafloor. Its legacy continues with the Sentry vehicle. Our
own group’s experience led us to develop the Seabed AUV
and its deeper manifestations - Jaguar and Puma for Polar
work. The concept behind the Seabed AUV was to perfect

Fig. 2. An Airport may be considered as the go to concept for underwater
docking systems that should serve a variety of platforms independent of size
and shape and with consideration for variable wind speeds and directions

a platform for imaging while optimizing the camera and
imaging modalities. With an emphasis on the continental
shelf as opposed to the deep ocean, the idea was also
to provide access to a large community that relied on far
flung smaller vessels of opportunity, was cost conscious and
thus could not afford to send large teams to operate the
AUV. This manifested itself into some interesting constraints
including an analysis of AUV operational costs. Besides
capital outlay for the AUV itself, we realized that Operational
and Maintenance costs were really a function of shipping
costs and the costs of the operators and technicians involved
in taking the AUV to sea. The ability to work off smaller
ships of opportunity also translated into savings. With this
background, we made a conscious decision to limit the
operational personnel to one person plus a helper and to
ensure that the AUV would fit in the largest box that could be
sent by commercial air carriers all over the world. This was
accomplished without sacrificing the true mission of high
resolution optical imaging of the seafloor.

Similarly, with the design of the polar class AUVs - Jaguar
and Puma we quickly realized that the secret to success
was to expand along the orthognal axes that encompasses
acoustics communications and navigation. The ability to
exert implicit control over the low bandwidth, somewhat un-
reliable acoustic communications channel has since enabled
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Fig. 3. Manipulators on underwater vehicles, left HROV Nereus in AUV
and ROV modes [16], right Girona 500 AUV with manipulator installed
[15]

us to run more than a dozen applications under ice in Polar
environments.

A. Manipulation from AUVs

Manipulation is another problem that remains just outside
the realm of AUVs despite considerable efforts in this regard.
The consensus view right now is that AUVs are a very good
tool for surveying but manipulation tasks are far better suited
to ROVs. Even after a number of attempts at autonomous
manipulation [14], the state of the art today still needs
a human operator in a supervisory control role. The high
bandwidth tether on the ROV is the true defining constraint.
There are two completely different ways of attacking this
problem. One approach is to add a small electric manipulator
on an existing (typically hover capable) AUV [15]. The other,
somewhat radical approach is that pioneered by Bowen et al
[16] where they decided to build a hybrid AUV/ROV system
that could do long term survey as a regular AUV but could
additionally be outfitted with a bare fiber-optic tether and a
large hydraulic manipulation package to allow human in the
loop manipulation as needed.

While the hybrid concept has yielded remarkable results it
comes at the cost of much larger vehicles and the complexity
and cost associated with using and deploying the bare fiber
optic tether.

This area is ripe for further development especially in
the light of recent work [17] that aims to develop and use
hydrostatic transmission manipulators that promise compact
pressure compensated manipulators with haptic feedback
progress especially when taken in combination with progress
in autonomous grasping on land for unstructured unknown
objects [18].

IV. AUTONOMOUS SURFACE VEHICLES (ASV)

Historically it can be observed that higher resource al-
locations go towards enabling technologies as opposed to
enhancing technologies. Hence, we have seen huge ad-
vancement in AUV technology while ASV technology has
historically been lagging behind. However, in the recent
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Fig. 4. A comparison of ASV designs speed vs endurance for compact
environmental monitoring ASVs

years ASV technology has quickly been catching up. We
focus our discussion of ASVs to compact, small boat based
environmental monitoring ASV solutions which are more
commonly found in programs around the work. We recognize
that there are other large high budget ASVs, solar ASVs
and autonomous sail boats which are few and far between;
they belong in a separate class and warrant an independent
discussion. [19]–[21] provide a comprehensive overview of
the historic developments of ASVs while [22] provides a
more recent and detailed survey of the technologies involved.
In this section, we identify the gap in the ASV offerings
holding it back from wide adaptability and how a new class
of vehicles helped fill the gap.

Figure 4 shows the typical offerings in the ASV space.
In the first generation of ASVs, we find that most programs
chose rechargeable electrical batteries as their primary power
source coupled with electrical motors. A few papers do report
testing gasoline engines, however most switched to battery
based systems for the convenience in control and operation.
Battery based systems forced designers to choose between
the speed of the ASVs and total endurance. Designs that
favored larger endurance typically suffered in environments
that they could be operated, limiting them to environments
with very low currents. On the other hand, vehicles that could
operate in more challenging environments were limited to
very short missions. This left a huge gap in the top right
region of Figure 4 in the space that includes vehicles capable
of working in areas with very large currents typical of ports,
channels and rivers with large tidal or other currents and
with the requirement for making measurements over large
spatial (100km) and temporal (several hours to a day) scales.
Another factor in this case was cost, where due to develop-
ments in hobby electronics coupled with the popularity of
quadcopters, there was a huge leap forward in open source
hardware and software projects that allowed us to fill this
gap in the space of existing ASV platforms. The JETYAK
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Fig. 5. The Jetyak ASV. This was designed and built specifically after
comparing it to other ASVs of similar size and cost. It is an outlier in its
capability to work in very high currents and in its ability to cover 100km
on a single small tank of gas [28]

offered a gasoline engine on a kayak sized platform. The
small gasoline engine implied that as a platform it could
provide a lot more power on demand, allowing speeds of
more than 10 knots and thus conduct conduct surveys in
pretty high currents. Additionally the high efficiency of the
smaller engine would allow missions in excess of 10hrs with
a small 3 gallon tank and extended missions were possible
by just adding a bigger tank. Since its inception a few years
ago roughly sixteen of these platforms have been built and
they have been used in a variety of

Multiple ASV programs have since adopted the gasoline
powered small-boat concept as seen in [30]–[32]. The pop-
ularity of JETYAK concept also highlighted the usability
of ASVs in general, making it more favorable than human
operated vehicles in many applications such as shallow water
environments which are not ideal for AUVs or near calving
glaciers which are too dangerous for humans. One other
vehicle of note in terms of the ASV space is the Wave
Glider. With its very low profile and solar panels. it can
easily be deployed in the open ocean and traverse very
large distances albeit very slowly. A simple extension in our
thought processes leads very straightforwardly to our next
project which is a hybrid design incorporating the best of
the Jetyak design including its high speed along with a large
solar panel that allows for long term endurance.

V. MISSION PLANNING

While, the endurance, reliability and software architectures
associated with AUVs have all improved dramatically over
time, mission planning and execution have not seen the
same degree of progress. Fundamentally, mission planners
typically provide simple tools to lay out missions in the
form of transects and grid patterns. A good mission planner
will allow independent control of the X and Y dimensions,
depth and time (both for individual sections and the overall
mission duration). In addition they might provide power
control over sensors for individual sections of the mission.
Finally some mission planners will allow limited abilities to

Fig. 6. The topic modeling framework proposed by [33] provides a
machine learning approach to adaptive mission planning based on a
score of perplexity associated with a set of imagery

follow a sensor output with minimal or no human in the
loop supervision. Good examples for adaptive behavior on
AUvs was with respect to chemical plume tracking and the
search for hydrothermal vents [34], [35] and the eventual
use of plume tracking AUVs in combination with acoustic
communications for detecting and tracking the sub-surface
hydrocarbon plume during the Macondo oil spill [36], [37].

The classic mission planning problem is about how to
explore an unknown environment such that we cover the
largest area while optimizing our response to interesting and
anomalous regions. We can pose this problem in several
ways. One can think of it as maximizing the information
content on a per mission basis where there are different
rewards for covering large areas as opposed to covering an
interesting area in much higher detail. In the world of marine
robotics, this translartes to the problem that given a vehicle
that has resources to carry out k detailed surveys while
obtaining n samples (which may be cores, water samples,
or high resolution imaging surveys) along its route how do
we maximize the probability of picking useful or relevant
samples. In [38], authors describes an application in marine
archaeology where intelligent AUVs could be harnessed in
long duration missions to find ancient shipwrecks.

Different techniques are being investigated to tackle this
problem including online summaries [39] and through the use
of topic models to generate a perplexity score [33]. Figure
6 illustrates the latter concept where online topic models
allow us to compute a perplexity score which over the course
of a few hours allows us to differentiate boring mud (low
perplexity) from imagery containing a migratory swarm of
crabs (images showing high perplexity). In areas where we
may already have some knowledge of the underlying habitat
it is now possible to do such work in real time on the limited
computational resources available on modern AUVs. Cou-
pling such behavior with specialized algorithms for image
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compression for low bandwidth acoustic communications
[40] would further allow us human operators to supervise
such operations [41].

Another aspect of mission planning which is often over-
looked is predicting and handling failure. Often critical
subsystem failure leads to an aborted mission and the
complexity of system and subsystem response implies that
we need to track dozens of variables and their interactions
to help diagnose a malfunctioning subsystem before the
errors become critical. Machine learning for AUV health
monitoring and the automatic classification of statesensor
data represents an important enabling capability for mission
planning and execution for long endurance AUVs to help
deal with subsystem malfunctions before they cause critical
errors [42].

VI. CONCLUSIONS

This paper has attempted to examine some of the chal-
lenges and innovations associated with the autonomous ve-
hicles in marine environments. By taking an analytical look
at different orthogonal axes of development it has attempted
to point out the hard challenges and why they are difficult but
also has attempted to highlight the opportunities that exist in
our somewhat mature field for further innovation.
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