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ABSTRACT

The Space and Naval Warfare Systems Center, Sago Das been involved in the continuing
development of obstacle avoidance for unmanne@serehicles (USVs) towards the aim of a
high level of autonomous navigation. An autonomd&y/ can fulfill a variety of missions and
applications that are of increasing interest fer t/{& Navy and other Department of Defense and
Department of Homeland Security organizations. WB& obstacle avoidance package is being
developed first by accurately creating a world md@sed on various sensors such as vision,
radar, and nautical charts. Then, with this waonlodel the USV can avoid obstacles with the use
of a far-field deliberative obstacle avoidance comgnt and a near-field reactive obstacle
avoidance component. This paper addresses the @/arade in USV obstacle avoidance
during the last two years.

Keywords: robotics, unmanned surface vehicle, USV, autongnobstacle avoidance, OA,
path planning, reactive

1 Introduction

The Space and Naval Warfare Systems Center, Sgo DESC San Diego) has been
developing the technologies for autonomy on unmdrsueface vehicles (USVs) with the
purpose of providing more autonomous functionaitg reducing the reliance upon operator
oversight. More specifically, the current focusdsreate a robust obstacle avoidance capability
and then move on to more advanced behaviors sughtasomous recovery in the case of lost
communications, target tracking and/or interceptamilaborative behaviors, etc.

1.1 Previous work

SSC San Diego has been involved in the developofenitonomous vehicles for over
25 years. Previous work in the UGV arena has bre@sitioned into the USV world such as
waypoint navigation, perception sensors, and olesstamidance (OA) techniques. In the paper

by Larson, Bruch, and Ebken[1], SSC San Diego detnated a deliberative far-field path
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planner capable of avoiding both stationary andinmguebstacles. This approach was not
designed to provide an optimal solution, but a et efficient method for avoiding most
obstacles. At the time of the publishing of thaper, no near-field reactive control had yet been
implemented on the USV.
1.2 Overview of project

Over the last two years SSC San Diego has priynadused on the research and
development of the reactive obstacle avoidance ocoet of the USV with many advances
made in near-field collision avoidance, sensordnsmachine vision, and control theory.

Progress has also been made in the deliberatinaipigarea.

Figure 1. SSC San Diego USV test platform

2 Obstacle Avoidance

For an autonomous vehicle to succeed at advanceduvers, a solid baseline of
obstacle avoidance is mandatory. Such a capalelifyires an accurate world model, utilizing
maps and sensors, and a robust technique to dwuse bbstacles in the model. The avoidance
technique used here is a two-tiered approach dorgisf a deliberative or far-field model and a
reactive or near-field model.
2.1 World Model

To successfully avoid obstacles, a robotic vehiels to first have an accurate model of
the world in which it is operating. SSC San Diégjasing a 2-D obstacle map called an

occupancy grid, which is created by dividing theissnment into a discrete grid and assigning



each cell location a value representing the prdibabif being occupied by an obstacle. For the
USV, this environment is separated into two levdlke first level is a large overview map,
spanning a greater distance but with a lower réieolwf data. This model is created using
digital nautical charts (DNC), automated radartpgtaid (ARPA) contacts, and automatic
identification system (AIS) contacts. The movinBRA and AIS contacts are represented in the
model using a projected obstacle area and areclddnt the closest point of approach (CPA)
calculation results. The second level consise wiuch smaller area in the immediate vicinity of
the USV and is populated with data from sensorstthee a limited range such as monocular
and stereo vision, while also using other senskesradar and nautical charts.
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Figure 2. World model obstacle maps used by thetikeaOA (a) and the deliberative OA (b)

2.2 Deliberative

Deliberative OA involves the planning of routesward stationary and moving obstacles
in the far-field, or beyond a certain distance fribva vehicle, while attempting to maintain the
original user-defined route or end goal. An impattaspect of autonomous piloting in a
complex harbor environment is that the USV mudbfeldesignated nautical rules of the road
while avoiding obstacles. The toolset developedifdiberative OA can also be applied to the
problem of target interception and tracking.
2.21 Rules of the Road

Previously, SSC San Diego demonstrated a realdefiberative path planner to avoid
moving obstacles, which used a limited sense oiga&on rules defined in the 1972

International Regulations for Preventing Collisi@isSea (72 COLREGS[2)), specifically those



that included avoiding collisions. These navigatioles are a system of regulations governing
many aspects of maritime navigation, including mstip maneuvers for collision avoidance.
Recently, the deliberative OA component was augatenith a new rule-based approach in the
path planner to follow the rules of the road duratigstages of planning. This new approach
handles three basic maneuvers for collision avaidd®etween vessels (paraphrased):

1. Any vessel overtaking another vessel shall keembtite way of the vessel being
overtaken. The passing vessel should pass orothside of the other vessel, unless she sounds
an audible whistle signal, and may then pass osttr®oard side.

2. When two power-driven vessels are meeting on recglrcourses (head on), each shall
alter course to starboard so that each shall pafiseoport side of the other.

3.  When two power-driven vessels are crossing, theelekat has the other on her
starboard side shall keep out of the way and amasdsing in front of the other vessel.

These rules are deliberately vague with respettte@ngles and ranges for which they apply.
A large amount of human intuition and experiencexigected to fill in these and other gaps in
the COLREGS. Two small and easily maneuverabli gray be perfectly safe at much closer
ranges for example, whereas two oil supertankert maneuver much earlier to ensure safety.
To apply these rules to the USV, such details rhastxhaustively supplied. The parameters
have been determined for a craft of the size ankeonzerability of the USV through experience
and testing.

The determination of whether a series of waypaats be followed while obeying the
COLREGS is made by analyzing the route for the fsaih closest approach with other vessels
based on their course and speed with respect td$hWes planned motion. The rules are
evaluated at these closest points of approacteifollowing manner (with an imposed
constraint that the USV should not approach wigim of another ship):

1. Overtaking: If the USV is moving at a higher velgand the two vessels are moving at
the same heading within 45 degrees and approabim@@0m, then the other vessel should be

on the starboard side of the USV.



2. Meeting: If the two vessels are moving at the ofipdseading within 45 degrees and
approach within 200m, then the other vessel shbeldn the port side of the USV.

3. Crossing: If the other vessel is moving along adeathat is between 45 and 135
degrees greater than the USV and approach witlim2€hen the closest point of approach
should occur on the port side of the USV. (i.e. I8V should pass astern of the other vessel).
The reciprocal case places the responsibility erother vessel to avoid the USV and is

therefore not given a specific rule.
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Figure 3. Navigation rules of the road approaches/bid collisions for overtaking (a), meeting
(b), and crossing (c)

These rules are more complex to plan than typibsiazle avoidance tasks. The USV can
be in a violation position at a range within 200wnh another vessel, but if the current path is
correcting the condition such that the closest@ggn is in accordance with all of the rules, then
there is no violation. This makes it somewnhatidift to design heuristics that do not sacrifice
completeness when considering which portions okdach space to prune. Techniques used
by Benjamin, Curcio, and Leonard[3] completely nepon reactive behavior-based control to
enforce the COLREGS using interval programmingrd bptimal actions. Itis SSC San
Diego’s desire to communicate full paths back #ubker for situational awareness and
feedback. This requirement drove the work towardgsign that provides a complete plan to
the goal. Planning over the entire space alscsh@igvent the USV from entering box-canyon

situations that purely reactive approaches oftéieistrom. Techniques such as dynamic



programming could be used to avoid costly re-coprt of search states, but there are many
control options which give rise to a large branghiactor and a relatively low density of
explored states. It is for these reasonsrdnatiomizedsearch techniques such as Probabilistic
Roadmaps[4] as well as Genetic algorithms and Ma@eain Monte-Carlo techniques[5] have
been explored. These techniques all take advawfatpe ease with which each of the rule
conditions can be evaluated on complete pathstanthtter two take advantage of heuristic
techniques for proposing better paths, while Prdisib Roadmaps must still perform a brute
force search.

Future enhancements in this area could lead tagbef lights and horns during these
avoidance maneuvers in accordance with the navigatiles.
2.22 Target Tracking

SSC San Diego has completed initial developmerdrget tracking and/or interception
for the USV, which uses the deliberative OA comprie change its course and velocity to
approach the target while avoiding other statiomairgnoving obstacles. Future developments
will add a new behavior to the reactive componertdamplete the final action requested of the
USV (pull up on the port or starboard side, trahind, cut-off and stop a target, etc.).
2.3 Reactive

The near-field component of the two-tiered approatdo known as reactive OA, reacts
to short-range obstacles, somewhere within 400thetUSV. The USV avoids these obstacles
by modifying the throttle and steering commandeea-time based on the combined votes of
each behavior. The SSC San Diego implementatioeaaftive OA is a behavior-based common
world model approach. That is to say, all of tleamfield sensors are fused into a common local
world model, and individual behaviors vote on speciavigation solutions within that model.
For instance, the obstacle avoidance behavior Wotexctions that avoid or turn away from
potential hazards while the path-following behawiotes for actions that will keep the vehicle
on the planned path.

This approach is not novel but has a long histégpplications in real-world systems

(including the Mars Rovers) and has its lineagéltat¢he Carnegie Mellon University Morphin



algorithm[6] and Distributed Architecture for MokiNavigation (DAMN)[7]. As applied here,

a number of arcs are projected in front of the elehover the local world model obstacle map
(Figure 4). The number of arcs considered is atfanof the map size and grid spacing, with

the arcs spaced such that one arc passes throciglofeiie outer cells. This approach guarantees
that each cell in the grid is covered by at leat arc so that all navigable paths are considered.
Each of the arcs is related to the vehicle veloaitg turn-rate byM=R/ ) whereR is the radius

of the arcV is the vehicle velocity, andis the vehicle turn-rate. More detail of thisingt

technique can be found in [1].

Figure 4. Reactive world model with obstacles aosksfble arc paths

While implementing this reactive obstacle avoidac@eponent on the USV, there were
a few issues that needed to be addressed. Thoeviiof] describe some of these and their
solutions.

Initially there existed a disconnect between tham@ands that were being sent and the
actual steering of the USV because the commandsadidccount for environmental factors such
as wind, current, or even an unbalancing of the.bsaeedback control loop was implemented
to ensure the selected arc on the reactive OA wesuged accurately regardless of the
environment or other physical conditions. A KVHgscope (maximum reporting angular rate
at 100 Hz) was added to report turn-rates, whictewleen integrated into a PID loop for steering

auto-correction.



Test results showed that occasionally the outmunh fthe arbiter, the decision-maker of
the reactive component, fluctuated between ste¢oitige left and right side of an obstacle,
approaching a near-collision. This was due tacthrabination of votes from a path-following
behavior and an obstacle avoidance behavior; adutime left would move the path-following
vote to the right, to return to the path, and inaseethe overall vote to the right, which could
eventually earn the highest vote and change thesemf the USV. A simple solution of
decreasing the overall vote for all possible voteslon the opposing side of an obstacle, relative
to the USV, made it more difficult for the vehidteswitch directions and cross over in front of
obstacles.

During testing, it was also discovered that asaides moved past the vehicle and out of
the obstacle grid, the USV would at times turn plyain an effort to return to the route, turning
directly into the obstalce. The obstacle arc ggdd by the reactive obstacle avoidance program
uses only the forward-looking half of the envirom@.e. that which is in front of the vehicle),
leaving out obstacles sometimes only meters away ecause they were behind the vehicle.
For extremely quick turns however, it is importemhave knowledge of obstacles that are close
behind the vehicle. In the near future a more detemear-field world model will be developed
but in the interim, to mitigate problems, the datéhe rows just behind the USV are mirrored up

to the current horizontal plane, eliminating thebkarp turns which would lead into obstacles.
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Figure 5. Reactive world model showing the placenoéan obstacle off the map and
behind the vehicle (a) and the resulting mirrorbdtacle onto the map.



Because of the drag properties on the sea surfattha variability in the control of a
USV'’s rotational speed, it was no uncommon for¥s/ to slightly drift sideways into the
obstacle area (or the grown area representing staab), causing the USV to evoke emergency
procedures to return to open water. This was addreby modifying the characteristics of the
free space voting behavior by decreasing the valtiliee votes near the obstacles, creating a
buffer around obstacles, and giving more prioritgd anore voting value to the arcs that are

slightly farther away from the obstacle areas.
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Figure 6. Free space voting behavior with decre@asalue for near-obstacles (a) and the
corresponding obstacle map (b)

3 Sensors

In order for the USV to navigate autonomously i@ émvironment in which it operates it
is critical that an accurate world model be devetbpThe development of that model requires
the use of multiple types of sensor systems toigeogverlapping coverage areas in multiple
spectrums and with a variety of processing techesquUSSC San Diego is using and has added
improvements to several advanced sensor technslogikiding monocular and stereo vision
and digital marine radar systems.
3.1 Monocular Vision

SSC San Diego is developing a monocular visiontswluo compliment the NASA Jet
Propulsion Laboratory (JPL) stereo vision systemesuly in use. The method determines the
range to an obstacle using the horizon distaneebaseline. It relies on well-known geometries

of the Earth and a single digital imager. At gba,distance to the horizon can be estimated with



knowledge of the Earth's radius and the heighbefdamera above the water. This distance,
coupled with a measurement of the relative angledxen the horizon and the waterline of the
obstacle, permits a rough trigonometric calculabbrange as illustrated in figure 7. In the
presence of a shoreline instead of a sky-waterzborinautical charts provide an analogous

baseline distance to the shore and a similar rgngafculation is performed.

Sky Sky

Figure 7. Trigonometric calculations of range ofadnstacle

In reality, however, important technical challenges obscured by this simplistic
explanation. Chief among them is the automatioreal-time horizon and obstacle-waterline
estimation. SSC San Diego has achieved reasogabty horizon estimation by applying a
Hough-transform-based line detector to medianrétiescenes on a frame-by-frame basis.
Methods are being explored to further improve tigerdthm by applying multiple-frame
tracking techniques.

The segmenting of obstacles and the estimationeoivaterline is a very difficult
computer vision problem due to the dynamics oflijiging conditions and the ocean surface
background as well as other environmental fact&msploying multi-frame point
correspondences and region-growing techniquesroagdpd encouraging results. Several other
methods have shown promise and are being expldviede specifics this monocular vision

obstacle-detection and ranging solution will becdégd in a forthcoming paper.
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Figure 8. Monocular vision snapshot showing horigmastline) and obstacle detection and
ranging
3.2 Stereo Vision

SSC San Diego has continued to work with the NAISAPropulsion Laboratory
(JPL) on stereo vision-based perception for the USRL has used stereo vision on the Mars
Rovers and SSC San Diego has transitioned sontabfechnology to their unmanned ground
vehicle (UGV) programs [8]. Similar image procegsand obstacle detection algorithms have
been tested on the USV with very promising initegults. Figure 9 shows an example of one
stereo vision frame and subsequent processing.fraime on the left has multiple sub-frames
consisting of: false-color range data (upper Meftere near pixels are in red and far pixels
change to purple, false-color elevation data (upigéit) where lower pixels are green and higher
pixels change to purple, a top-down view of the pdint cloud data (center), and a profile of
the point cloud data along the line leading from t)SV to the sailboat (bottom). Notice how
well the sailboat stands out in the profile atblottom of the image. On the right-hand-side of
the figure is the original image overlaid with cad pixels to indicate its traversability. The
green areas have been deemed traversable andrpaskrapresent obstacles. In this image three

vessels are detected as obstacles; a sailboadat, EOmedium-sized fishing vessel at 480m, and
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a Navy warship at 900m. This 3-D obstacle datoigpsed into a 2-D occupancy grid as

described in section 2.1.

Figure 9. Stereo vision and obstacle detectioa set

Plans are in place and work will begin soon on més$hto further exploit the stereo
vision data and imaging systems. These methodisnaite use of the color and texture features
in the image. By using the stereo vision datagieanine what the water generally looks like in
areas where no obstacles are present it shoulddsthyte to more easily identify those areas
where there are obstacles. This will be an imporiadition because simply analyzing the 3-D
profile of the data will not always reveal low-lgobstacles.

3.3 Radar/AlIS

The radar system on the SSC San Diego USV is datdmarine radar (Furuno) with a
third-party PC controller developed by Xenex Innawas Ltd., which provides a digital
networked interface for the radar. The Xenex sygpeovides an SDK to access the radar data
and controls. A radar server application has lzemloped utilizing the Xenex API to
customize access to the radar. Included withhallstandard radar controls and scan data is
access to the Xenex Advanced Radar Plotting AidARdata set and controls, which provides

algorithms to automatically acquire and track up®0@ contacts.
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One challenge with the radar is that for a smahhji maneuverable boat, the turn-rate
can approximate that of the radar itself. Durirghhiturn-rate maneuvers, the radar is either
turning much faster or slower than normal, relatwearth, and the data is therefore skewed.
When this occurs most often the contacts are lastthe USV returns to a relatively straight
trajectory. Multiple approaches to mitigate theffects are currently under investigation. The
first key to handling the case of high turn-ratesoi generate accurate scan images (360 degree
polar plot). Placement of the radar scan dathercbrrect geographical location corresponding
to the radar’s heading at the time of each scasliacquisition is the goal. The current radar
provides 1024 segments (slices) of data per renolutCreating the best real-world
representation of a full radar scan data set #st®SV’s environment requires knowing the
USV heading changes during a single scan and eemigtthe heading and/or changes. The
faster the heading updates, the more accuraténtledfita set will represent the objects seen by
the radar. The Xenex application has been impréned 2 to 10 Hz in this regard. The
complete benefit of the increased heading rat#li®eing quantized. Even faster heading
updates are possible with the Xenex processorlandge of a complete Furuno system may
allow for 40 Hz updates.

A complete Furuno system being considered not prdyides faster heading updates to
improve target location but also provides increaseh resolution (8192 scan lines per
revolution) and the option to increase the anteatato 42 rpm from the current 24 rpm. All of
these increases should help provide a more detailddccurate description of the radar image
about the USV, including during more dynamic marezsy

Xenex is also working on a next-generation congrolhich is due out later this year
with improvements similar to the integrated Furggstem with support for higher rpm antenna
rates and with the possibility to increase headipdate rate.

3.3.1 Reactive Radar Images

In the reactive component, the radar providesdldanreturn image data (after video

threshold, video reference, and video negativeesahave been applied). The radar return is, in

essence, a ready-made obstacle map. In an iadkalimage, only obstacles on the water or the
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shoreline show returns. The radar data is conddrten the polar scan format to the Cartesian
obstacle-grid representation and fused with theratkensor data. Of course, the real-world data
is never ideal and often contains noise. In theecit configuration, the Furuno-Xenex control
leaves the returned radar data with a disk of ega#r back scatter extending from the center out
to about 100 yards, which cannot be electronicallypressed. With proper control settings,
however, the background can be subtracted in ¢igion from signal and track obstacles (e.g.
buoys) up to close ranges of about 30m. Undet meaditions (calm waters) radar data
processing has been developed that produces bleetibstacle map out to at least 200m for
collision avoidance of radar-perceived objectse Pphocessing algorithms required to maintain
obstacle tracking are being developed for less ithea conditions (e.g. swells, wakes, wind,
etc.). The radar's own “Sea Clutter” control cafphhere, as well as some smatrt filtering of
both the data spatially and temporally. The rautetacle map is dead-reckoned between
completed radar sweeps based on the USV’s movesoehat the reactive component is
provided updated obstacle maps at a rate of 10 Hz.
4 Conclusions

SSC San Diego has made significant advances iautomomous navigation and obstacle
avoidance capabilities of its USV. The currentigiess routinely tested in San Diego Bay
where the methods described here are shown toda@vhigh degree of success in avoiding
dynamic and static obstacles. More work is regume the sensor systems and associated
processing algorithms to provide a more accuratédwoodel in both the far and near fields.
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