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ABSTRACT

In this Keynote paper, the authors attempt to provide some overarching view of the needs for vehicle
collaboration based on future Naval missions. Collaboration between differing types of autonomous vehicle,
surface, ground, aeria and underwater will be required to achieve the utility in operations promised by the
concepts to date. At NPS we are also working on obstacle detection and avoidance for small AUVswhich is
a subject also discussed here. Recent advances in the development of low cost forward looking sonar arrays,
has enabled the class of small Unmanned Underwater Vehicles to exhibit a capability for obstacle detection
and avoidance. At NPS. the authors have studied the problems involved both using ssmulation models and
through in water experimentation and validation. This paper reviews the concept of obstacle detection using a
small “Blazed Array” forward looking sonar (FLS), illustrates the techniques used to analyze images
obtained from an FL S, and perform threat assessment. The implementation of an avoidance controller in the
NPS ARIES vehicle will be described along with a discussion of methodologies for vertical plane avoidance
maneuvering. One particular strategy has been implemented and tested in the Underwater Test Range at
Keyport, WA. The experiments performed will be discussed and analyzed. We show that one of the problems
encountered arises when parts of the seabed are occluded from the sonar view. This leads to the notion of an
uncertainty map being obtained from the FLS and used to drive the vertical response of the vehicle.
Occlusion maps are built from the FLS data, and used to provide added maneuvering commands based on
uncertainty. Vehicle response lags, normally a consideration with normal avoidance commands are mitigated
using the FL S capability to look ahead.
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Figure 2 Force Net Concept for Integrated Space,
Aerial, Surface and Underwater and Ground
Systems.

In a ForceNet operational concept the links
between vehicles are both radio and acoustic and
are critical to the information flow through the
networks. How such systems are utilized by
operators remains to be seen, but it involves
collaboration between assets.

Figure 3 Fromthe UUV Master Plan, US Navy

The UUV Master Plan for the US Navy delineates
four areas of important application for future
UUVs, Force Net, Sea Shield,Sea Base, and Sea
Strike in which typical missionswould include,
a Intelligence gathering, and
Oceanography,
b) Anti  Submarine Warfare and Mine
Countermeasures and Inspection
C) Payload delivery, Persistent Presence,
d) Information Operations, Targeting and
Time Critical Strike.
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Figure 4 Classes of UUV asforeseen in the UUV
Master Plan.

Four classes of UUV are foreseen to meet the
needs of the strategy ranging in size / endurance
from the Man Portable with Diameter ranging
from 39 inches (8-22) centimeters, through the
Light Weight at diameter of 12.75 inches (32
cm.), the Heavy Weight 2linches Diameter,
(54cm.), to the Large Vehicle greater than 1 meter
Diameter. Each vehicle class has a different role
based on increasing endurance and range.

Autonomous Vehicle Applicability
Mission and Task UAY sV uuv UGy

Providing ground surveillance and targeting
For nearshore fire support
For support of Ship-to-Objective Maneuver
For deep strike
For suppression of enemy air defenses
For looking over the hill
For urban warfare
Countering mines in the sea
Countering mines in surf on beach
Countering land mines
Countering diesel submarines
Countering surface craft
Countering antiship cruise missiles
Detecting chemical, biological, radiological attack
Providing maritime surveillance
Environmental monitoring -

Figure 5 Missions and Tasks for Differing
Vehicle Types.

Missions and Tasks for combined Systems of
Differing types of vehicle areillustrated in Figure
5. Clearly the combination of UAVs , UUVS,
USVs and UGVs provide a wide range of
capability, especidly when used together to
achieve greater range of communication and or
vision for queuing.

2. MULTI VEHICLE COOPERATION

The particular utility of vehicle collaboration lies
in the capabilities being different among surface,
submarine and aerial assets and ground based
stations. For example, an aria vehicle, being an
‘eye in the sky’, may be used to key ground
vehiclesthat have limited field of view, or surface
vehicles whose field of view is blocked as in



some cases in riverine operations. An underwater
vehicle has a unique capability to remain covert
and detect objects in the water column that are
unseen from above. It follows that combination of
different modadities of vehicle provide great
benefit.

Collaboration requires communication. Thus
operations with links that are uncertain, drop in
and out, requires greater levels of autonomy than
that required for single vehicle gperation with a
good up and down links for control and video
transmission.

NPS has been involved in development of high
speed C links among submarine, surface and
aerial  vehicles (TNT exercises), and have

demonstrated video up and down links through
aircraft. Data rate and range are linked as shown
in Figure 6 taken from (Horner, et. a., 2005).
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Figure 6, Data Rate for 802.11 Links based on
Range to Sea. Experiments at Camp Lejeune
2004 More Detailsin (Horner, et. d., 2005)

Distributed Autonomous Systems (DAS) provide
advantages explained in Figure 5 to achieve
greater utility than a system of multiple
homogeneous vehicles as described in (ibid,
2005) for application to Maritime Domain
Awareness. In particular, using aeria vehicles to
provide situationa awareness information to
ground and surface vehiclesis paramount.

3. OBSTACLE DETECTION AND
AVOIDANCE FOR AUVs

Obstacle detection and avoidance is a subject well
studied in robotics, and covers wide areas of
application. For indoor robots, it is common to
use smal acoustic sensors to detect wals /
doorways, and other features generating an
appropriate avoidance response as needed.
Examples of such work include (Khatib,
1986,Borenson, 1991, Moite, 2000). A more
substantial problem existsfor field robotics, at the
heart of which is the problem of finding suitable
sensors that will reliably detect an obstacle
amongst clutter. DARPA grand challenge
vehicles, for example, combine laser based
systems, video systems, radio based systems, but
for underwater, we rely on sonar systems.
Underwater video is attractive in high visibility
areas, but these are hard to find in many littoral
water environments. While side scan sonars have
been used for many years in the detection of
manlike objects, they are not suitable for
detection of objects in the path of an underwater
vehicle as no advance notice is provided.
Arranged as aForward Look Sonar (FLS), arrays
have recently been developed that may be
mounted for detection in the vertical plane, or by
other arangements, in the horizontal plane. The
term “Blazed Array” refers to its use of differing
frequencies/wavelengths of acoustic energy being
deflected into different beams, thus such an array
emits energy spread over a fan of beams, returns
from which form a triangular shaped image
plane. In what follows we describe the use of
potia functions for the generation of paths that a
vehicle would follow where the inclusion of a
detected obstacle provide smooth deviation to the
path for avoidance. In our work, we have
distinguished between horizontal and vertica
planes since in the underwater realm, vehicle
pitch is limited and the equations of motion
decouple well.

In spite of the desire to effect a common
methodology for avoiding horizontaly and
vertically the nature of underwater vehicles
allows well for the divison of problems into
horizontal and verticd domains and separate
methods for each. Thus, it is appropriate to
generate an integrated, guidance, path planning,
and avoidance behavior along the lines described
by (Kaminer et al., 1998). The Path Generation
evolves from atotal Potential Field consideration
in which paths are generated by its continua
minimization, subject to a set of constraints on



vehicle mobility. In our case, Gaussian avoidance
functions are used to generate smooth
differentiable paths, with variances adjusted as a
parameter linked to turning capability of the
vehicle. As obstacles are reveded in the FLS
image, Gaussian functions are added to the total
field, generating new paths for the vehicle to
track. Inthevertical plane, if thereisroom above
the obstacle, a Gaussian function of appropriate
height is added to the altitude command, directing
a pitch change input to a pitch control autopilot
and steering commands to the steering autopilots..
These behaviors have been studied before and
presented by (Fodrea and Healey, 2004), and for
the vertical plane behaviors by (Hemminger,
2005) and (Furakawa, 2006).

This behavior in the vertical plane has also been
studied in detail for the REMUS vehicle by
Furakawa, 2006.

4. PATH GENERATION

Given atotal Global Potential Field,
V(X,Y,Z,a)>0,

composed of track following potentials and

obstacle avoidance potentials, with parameters, a,

set according to vehicle motion congraints of

curvature, the vehicle desired path in a global

Navigational Frame, X,Y,Z, evolves according to

x=f(u), x=[X,Y,Z]"
u: [y com ’qcom]

so that the projection
NV.f <0" t>0

In developing potential functions for path
tracking and obstacle avoidance, it is assumed
that functions will be used such that there is a
unigue local minimum in the region of interest,

and that the gradient, ||NV || 1 0 anywhere.
The path generation model is

X =U cosy o)
Y =Usiny o)
Z :-Uqcom

Where, U istheforward speed of the vehicle.

The reduction of the potential, V, is accomplished
using

B

, 0 o
0 h, otﬂv
0 0 hg

f=-

@ D> D

From which
@, 0 ou
V=-RvTZ0 h, 0fv<o0" t>0
80 0 hgg

and the h; are disposable positive parameters to
give some degree of adjustment in the resulting
path.

The path is generated as the evolution of [X(t),
Y(t), Z(t)] subject to initial conditions taken from
the vehicle' s current position at t =t,,.

Decoupling the path generation into horizontal
and vertical planes, we get

Horizontal Path Generation:

& COSlY o )0_ 1, OBV, 0

Q1 o -Té U
gJSIn(ycom)H eo hZLE y U
Leading to a solution for the heading command.

h
Using, h =2,
sing h

1
y com :atan(_v\; v'hV>5 )
Vertical Plane

Considering the vertical plane separately, the
solution for the path pitch angle becomes,

- Uqcom :VZ
Potential Function Selection
A UUV mission will be defined in terms of a
series of waypoints with nominaly straight line
segments, and conditions for transition from one
to the next. To follow a track defined by 2
waypoints, i+1 and i, we define atrack heading,

Y vak = atan((Yi+1 - Y| )( Xi+1 - Xi )



and define along track and cross track potentials,
V, and V,

V, =(1- bs); V., =ke*V, =k,Z°
where sisthe along track distance, the crosstrack
error is, e, and z, the vertical deviation from the
nominal atitude /depth command. These vaues
are determined using a Serret-Frenet frame
located on the path to be followed at a point of
closest to the vehicle. This work follows that of
(Kaminer, Pascoal, Hallberg and Silvestre, 1998)

The track following gradients of potentials are
incorporated into the total Global Potential Field
gradient by the 3* 3 rotation matrix, T(Y yac ),

VltraCk :T(y track )[Va7VC’VZ]

These potentials done will drive the vehicle
through a set of way points provided suitable
logic is included for track termination (see
Healey, 2006).

Avoidance when objects are detected at locations,
[X .Y, 7], is accomplished through addition of
the Gaussian potentials, Voj

Vo =@ Vi expl(( X - x )2 +(Y - y,)?)/ 25 2]

i=1
for the horizontal plane avoidance and

N
Voj =Q Viexpl((X - X ) +(Z- 29)*)/257]
i=1
for vertica plane avoidance and zo is a depth for
the object to be avoided. Gradients of the
avoidance potentials are added to the track
following gradients for the total potentia field
gradient computation.

Thetota gradientinthe X and Y and Z directions
arethen

V>'< = é V<;jX +Vt'rackX

Vo = @ Vo +Viraory

Vz' = é Vc;jZ +Vt‘rackZ
Path Following

Path following with potential paths as generated,
alows an important additional feature in that the
path may be evaluated at a distance M ahead of
the vehicle on the path thereby reducing vehicle

special response lags. Figure 7 illustrates a
horizontal plane avoidance with a 20 mtere
standard deviation used in the Gaussian functions.
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Figure 7 Horizonta Plane Obstacle Avoidance
Path and Vehicle response with a 50 meter ook
ahead Distance.

Solutions for the horizontal plane path have been
generated and ARIES deering response are
shown in Figure 7, with three objects around
X=50 meters to be avoided horizontaly. The
object at X=-50 is to avoided verticaly as shown
in Figure 8.
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Figure 8 Vertical Plane (Depth, Z vs Horizonta
Distance, X) Path generated from Potentia
Function Guidance Law. Avoiding with a 5 meter
Rise Around X=50, Running at 17 Meters Depth,
3 meters Above Bottom.
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Figure 9, Look Ahead position for Pitch or
Heading Command Computation in Following
Potential Paths (Furakawa,2006).
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Figure 10, REMUS Vehicle Obstacle Avoidance
Responses Responses Using Look ahead from
Gaussian Paths for Obstacle Avoidance to
Eliminate Spatid Response Lags, Altitude vs
Horizontal Distance, (Furakawa, 2006).

5. BLAZED ARRAY FLS, OBJECT
DETECTION

We have been experimenting with a Blazed Array
Forward looking Sonar (FLS). The FLS can be
configured either in the horizontal or vertical
planes. In the vertica plane, it is suitable for
detecting sudden rises in sea bottoms that would
otherwise cause the vehicle to ground while
performing mine hinting missions close to the
seabed.

The obstacle detection part is a critical part of the
control system and first begins with image
gathering and analysis.

Figure 11 illustrates the nomina projection of
sound fro m the arrays with the vertical mounting.
Using anormal to the vertical surface of the stave
as a reference, the high frequencies emanate
outward at approximately 22.5 degrees and the
low frequencies at 45 degrees. Each stave dso has
approximately 12 degrees of horizontal gperture
asillustrated in Figure 10.

Figure 12 is an example of two images from
Blazed Array mounted on the NPS ARIES. The
sonar transducer attached to the ARIES AUV is
located at the top left corner of each image. The
strong linear return in each of the images is
typical of an ocean floor without obstacles. The
volume above the ocean floor is the ensonified

portion of the water column and is bounded by
the upper and lower frequency of each sonar
stave.

Figure 11. Projection of the Blazed Array Sonar
on the Seabed Vertical Configuration

For our application, the sonar is set to a medium
low resolution which results in an image size
491x 198 pixels or an effective range of
approximately 80 meters. This resolution permits
a 1 Hz sonar update rate which is reasonable for
obstacle detection for avoidance..

Relating to Figure 12, d; and d, represent the
distance calculations from the nearest and farthest
sonar beams (respectively) as they reflect off a
featureless ocean floor. Q, is the total angle

measurement taking into account the sonar
mounting angle (Q,) and the pitch of ARIES at

timet, (Q(t)).

d, =htan(Q )
d, =htan(Q; +22.5)
Q; =45+Q, +Q(t)

v

Figure 12 Geometry of Image and Seabottom
Ensonification
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Figure 13. Vertical Configurdion for Arrays
Showing Strong Returns from Seabed.

6. SONAR IMAGE PROCESSING

The god is to detect obstacles that represent a
threat to the AUV. In generd, the goals of the
image processing are as follows:

1. Identify the ocean floor.

2. Edtablish a Region Of Interest (ROI)
search space

3. Search the ROI for obstacles

4. ldentify and track obstacles

5. Provide measurements to the autopilot

controller
a Distance of obstacle from
ARIES

b. Height of obstacle
c. Centroid of obstacle

The first step is gathering statistics on each image
to determine a threshold value. The threshold
value is used to create a binary image where
values less than the threshold are set equal to zero
and values equal to or above the threshold are set
to one. The next step is to erode the images.
Erosion of the binary image sets each pixel to the
minimum of a 3x3 region where the pixel is the
center point of the region. Thisis doneto give a
finer definition to the structural returns from the
sonar.

An important step in the process is the use of a
transform to identify the pitch of the ocean floor.
Itisused to isolate linear features within the sonar
image. As seen in Figure (13), a typica sonar
image with arrays in the vertica orientation
displays a strong linear feature corresponding to
the ocean floor. The transform starts from a

reference point and searches through the image
for strong evidence of lines.

Theresult of the transform is a series of candidate
solutions. Selection of the best candidate line is
determined by three factors. First a four-date
Kaman Filter was used where the measurement
model includes: Vehicle pitch, pitch rate and the
two rotation angles determined by the transforms
(one for each image). The filter produces an
estimate for the rotation angle necessary to
produce a flat ocean floor slope. This estimate
together with an added margin of error is used to
deselect candidate lines. Second, the line segment
length is used as a criterion for selection where
longer lines are considered stronger candidates.
The fina criterion is the location of the line
segment in the image. Stronger candidate linesare
located close to the predictive near and far
boundaries of the sonar projection on the ocean
floor given a vehicle dtitude. The combined
effect of the selection process is to serve as a
spikerejector for erroneoustransform results.

After the proper slope of the ocean floor has been
selected a Region Of Interest (ROI) wasidentified
relative to the ocean floor. Podtion of the ROI is
dependent on the atitude of the AUV. Using
values for d,, one can project the ROI search
space based on the current atitude; this defined
the near and far ROI boundaries. The lower ROI
boundary is determined by the vehicle altitude
and the upper ROI boundary is defined by the
upper image boundary. This ROI is well-suited
for vertical avoidance and obstacle searches proud
of the ocean floor, different ROIs are required for
volume and horizontal searches.

The ROl search space is where obstacles are
detected and tracked. Detection is accomplished
by searching for contours in the binary image and
calculating the interior area. If the object is large
enough it is registered as an obstacle. Obstacles
are tracked using a second Kaman Filter where if
the relative speed of the obstacle matches closely
to ARIES forward velocity, the trgjectory is on a
collision path and the obstacle has been identified
greater than a threshold level of times, a network
message is sent to the autopilot controller.

While the two arrays are mounted in a vertical
configuration, there is an approximately 12
degree horizontal component to the images. The
arays are mounted so that the horizonta
components have a small degree of overlap. This
can be helpful in determining when ARIES is on



acollision course. If the obstacle appears equally
strong in each image and the vehicle is traveling
in a straight path, the AUV is on a callision
course. Conversely, the appearance of an obstacle
in one image and not in the other indicates that
the vehicle can make small horizontal corrections
to the opposite side. This information can also be
used for tracking vehicle navigation by applying
optimal flow techniquesto image anaysis.

7. HARDWARE AND SOFTWARE
ARCHITECTURE

A principle feature of the ARIES AUV is its
flexibility for housing new hardware and software
for testing new methodologies in underwater
robotics. There are three components of the
Blazed Array sonar: The arrays, the eectronics
and a PC-104 computer for image gorage and
processing. The origina bow design was
modified to mount the arrays. To maintain
hydrodynamic efficiency, flexible polyurethane
nose was constructed to house the arrays. This
minimizes signal attenuation and provides a
degree of protection. The construction of the nose
permits the arrays to be oriented either in the
horizontal or vertical position.

The power and control signals are passed through
a water tight bulkhead and attached to the
electronics. From there, images are saved and
processed using a Windows based PC-104
computer. A graphicd depiction is given in
Figure 13.

System Description for Perception and Avoidance Control

Autopilot Controller Perception, Sonar
Avoidance Behavior: Image Analysis, | | Collection
Activation, Calculation and Monitoring | | Threat Detection and
Processing
AMPRO PCI-104 PC-104
QNX RTOS Cool Runner
Windows XP
TCP/IP Connection
-
802.11b
Radio Ethernet
WLAN Bridge

Figure 14 .Hardware / Software Diagram for FLS
Obstacle Detection and Avoidance. Mounted in
ARIES June 2005

Feedforward Preview

FLS Images

Image Processing

_________ B L

| Default alt/depth command |

Autopilot Controller

| Avoidance command selection |
v

| ———————

Commanded Aftitude/Depth
Sliding Mode
Error Controller

feedback Autopilot

Additional
State
Variables

Measured Aftitude/Depth

Figure 15. Feed Forward Avoidance Control
Diagram, ARIES 2005

8. DETECTION AND AVOIDANCE
EXPERIMENTAL RESULTS

Initidl experiments and demondtrations were
accomplished during the Office of Nava
Research (ONR) AUV FEST 2005 at Naval
Undersea Warfare Center, Keyport, WA, June 06-
16, 2005. The objective was to demonstrate
avoidance in the vertical plane by navigating over
the top of a designated obstacle proud of the
ocean floor. The obstacle was a sunken barge,
which at its peak is 6 meters off the ocean floor
and approximately 15 meters wide.

Figure (16) shows the results of an ARIES
avoidance run. From the top moving downward,
the graph includes the total water depth, vehicle
dtitude, vehicle depth and pitch and the results of
the image processing to determine the image
rotation necessary to project a flat ocean floor.
The X axis is vehicle state information taken at
each sonar image and the Y axis represent units of
degrees and meters as appropriate. The difference
between the vehicle pitch and image rotations is
the mounting angle of the sonar staves
(approximately -6 degrees). The avoidance
behavior is highlighted in the box area of Figure
(16) between images 250 and 300. The additive
(and subtractive) altitude command isthe result of
sonar image processing identifying and passing
the position and height of the obstacle to the
vehicle controller. The autopilot controller avoids
the obstacle using thye Gaussian path additive to
the origina fixed atitude navigation run. The
remaining dtitude adjustments are the results of



GPS (popups) navigation updates and mission
completion. Figure (17) shows a sonar image
from both staves of the detection of the
underwater barge.

1 T el

Figure 16. ARIES avoidance resultsillustrating a
4 meter high Gaussian rise over the obstacle.

Figure 17. Blazed Array FLS Images of
underwater barge Taken at Keyport. WA June
2005 showing right and Ieft side arrays detecting
strong bottom returns and a proud object 6m high

9. CONCLUSIONS

In this paper, we have outlined future mission
scenarios that require the use of different vehicle
assets and types in an overarching integrated
system concept . Inter vehicle are paramount to
the utility of these concepts. We aso have
described the use of potential functions for path
generation, and obstacle avoidance guidance for

underwater vehicles, and some experimental
results are shown illustrating the reality and utility
of these algorithms using a blazed array forward
looking sonar.
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