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Abstract

Avoiding obstacles is an essential element of most
small-diameter autonomous underwater vehicle mis-
sions, though specific obstacle avoidance require-
ments for different missions vary widely. Obstacle
avoidance is one of the most important safety con-
siderations for many missions, and designing an op-
timal avoidance system for a given mission deserves
careful consideration. This paper attempts to give
an overview of design options for obstacle avoidance
systems. Obstacle avoidance sensor characteristics
are examined, including processing techniques for
generating obstacle data. The paper then examines
obstacle avoidance algorithms and behavior system
design, the systems that use the obstacle data to
avoid obstacles within the context of a larger mis-
sion. Finally, recommendations are made for opti-
mal obstacle avoidance systems for several impor-
tant AUV missions.

1 Introduction

The domain of Autonomous Underwater Vehicles
(AUVs) requires that the vehicles be capable of
safely and efficiently coping with the full complex-
ity of the underwater environment. As there is no
human involved in the control of an AUV, the AUV
must contain all sensors and algorithms for pro-
cessing and acting on its sensor data autonomously.
Thus the AUV must both be capable of accurately
sensing the environment around it and intelligently
reacting to that information.

The problem of obstacle avoidance in AUVs has
been an active research topic recently [6] [1] [10] [5]
[13], especially as mission requirements have become
more extensive, requiring increased capabilities in
sensors and control algorithms. Previously, sensing
obstacles was especially difficult on small-diameter
AUVs - defined as AUVs less than 1m in diame-
ter - which have hard limitations on space, power,
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and processing capabilities. Older sensors were low
resolution, low definition, or slow to scan the tar-
get area, drastically reducing their effectiveness for
the reactivity required for obstacle avoidance. In
the last several years, newer high definition sensors
have become available that are high rate and fit the
space and power budget of a small-diameter AUV.

This paper gives a holistic view of optimal ob-
stacle avoidance system design on AUVs. The first
section examines a host of sensors capable of ob-
stacle detection. The next section focuses on high-
level processing of sonar data for succinct obstacle
definition. The paper then considers the use of the
obstacle data in both high- and low-level obstacle
avoidance. The final section groupsxs sensor selec-
tion, data processing techniques, and avoidance al-
gorithms into optimal obstacle avoidance systems
for several important AUV missions.

2 Obstacle Avoidance Sensors
(OAS)

Acoustic sensor systems are well suited to the under-
water environment. Although sound travels slowly
in water (about 1500m/s), high levels of acoustic
energy can be transmitted through water with rel-
atively minimal attenuation [§]. This gives acoustic
systems much greater ranges than optical systems,
which can see perhaps 15m in clear water and which
are useless in turbid water. Radar and other high-
frequency radio waves are attenuated within a few
feet. Thus, this discussion of long-range OAS will
focus entirely on sound-based detection systems.
Active sonar systems operate by emitting some
sort of “ping”, a short burst of acoustic energy, and
then recording and analyzing the echos which result
when the ping reflects off of objects in the water.
There are a number of sonar systems which expand
on this basic principle. This section gives a brief
overview of these systems and their operating prin-



ciples, especially as they impact the type of obstacle
avoidance data that the sonar returns.

2.1 Echosounder

An acoustic transducer is the basic element of trans-
mission and detection of sound waves in water. The
essential property of the transducer is that it can
convert the mechanical energy of the acoustic com-
pression wave into an electrical signal, andxs vice
versa. The transducer may be constructed such that
it does not transmit/receive sound energy from all
directions with equal sensitivity. The relative sensi-
tivity of a transducer as a function of angle is known
as a beam pattern (Figure [3(d)). This directional
sensitivity is often intentionally cultivated during
the manufacturing process in order to form a con-
centrated narrow beam. In fact, the simplest OAS
is a single narrow-beamed transducer pointed out
in front of the vehicle [I7]. If the OAS just re-
turns the range of the primary echo, it is known
as an echosounder (Figure [3(a)). An OAS that re-
turns a plot of the intensity of the return as a func-
tion of time is known as a scanning sonar, as the
echo ’scans’ across a sector of the bottom (Figure
. This simple OAS demonstrates several prin-
ciples which hold true for all OASs: 1) A narrower
beam provides higher angular resolution, and 2) The
refresh rate is inversely proportional to the range.

Resolution of an OAS is described in terms of
range resolution and angular resolution. The range
resolution is the minimum change in the distance
of an obstacle that the OAS can detect. In general,
sonar systems have a range resolution of 0.1% of the
maximum range. Angular resolution refers to the
smallest angle separating two obstacles such that
the OAS can resolve them as separate obstacles. In
terms of the beam pattern of the sonar, the edge
of a beam is usually considered the 3-dB down, or
half-power point [8] (Figure 3(d)). The resolution
of the size of an obstacle depends on the angular
resolution of the sonar, as well as the distance to
the obstacle. There is a similar trade-off between
range and refresh rate, since the ping must travel
out to the maximum and range and back for each
refresh cycle.

2.2 Multibeam

Since the purpose of an OAS is to alert the vehicle
to potential obstacles, the range value returned by
a single transducer amounts to a minimum of in-
formation. For example, the vehicle cannot tell how
wide or high the obstacle is, whether it is perpendic-

ular to the vehicle’s direction of travel, or whether
it is slanted. While it is possible to scan a region
by mechanically aiming a single transducer, the time
required to make a full sweep would keep the vehicle
from taking timely evasive action. For this reason,
most OASs use several narrow beams to sweep the
area ahead.

The simplest improvement over a single trans-
ducer is to add more transducers, each aimed in a
slightly different direction, which can then be fired
in sequence to map out the area covered by their
beams. This is known as a multi-preformed beam
sonar because no beamforming is required. As most
transducers have a beam width of around 10 de-
grees, multi-preformed sonars have low resolution,
and usually have only a few beams. Either each
echosounder can fire in turn, which lends to rather
slow refresh-rates, or a separate projector trans-
ducer can ensonify the entire region, and each re-
ceive transducer record the echo along its particular
aimed beam [9].

In order to achieve higher resolution, the signals
from these seperate elements must be combined us-
ing a technique known as beamforming. The same
beamforming techniques can be used both for trans-
mission and reception. High-resolution beamform-
ing sonars can achieve beam widths of 0.25 de-
grees, compared to the 5-10 degree beams achieved
by a multi-preformed beam sonar [9]. The three
commonly used techniques to form narrow beams
are analog beamforming, digital beamforming and
acoustic lenses (Figures and .

Both analog and digital beamforming work by
combining the signals from multiple transducers
with incremental time-delays or phase shifts, such
that the reception from the steered direction sums
together coherently. Several commercial OASs use
analog beamforming, but the future seems to be ori-
ented toward digital beamforming because of its su-
perior precision and flexibility. In beamforming, the
desired beam is formed by time-delaying the signals
from each transducer as the echo sweeps across the
array [3]. This is useful when the array size is large
relative to the wavelength. For example, if the de-
sired beam is directly perpendicular to a linear ar-
ray, the echo will arrive at all elements of the array
at the same time (time-delay of zero). If the the
desired beam is at a 45 degree angle to the array,
the echo will sweep across the transducers at a given
speed, and the data from each element must be de-
layed accordingly. Alternatively and equivalently,
beams can be formed using phase shift by converting
to the frequency domain using an FFT. Time-delay
processing in the frequency domain corresponds to



Figure 1: As the transmitted ping sweeps across the
bottom, the scanning sonar records the intensit of
the return over time, and converts the values to a
row of an image, see Figure

phase-shifts in the time domain.

If the hydrophones are arranged in a linear ar-
ray they can be operated as echosounders, which
ping and then report the time of the main reflec-
tion. This yields a simple list of ranges along the
axis of array. More information can be extracted
by recording the intensity of the entire return as
it scans across the bottom (Figure [I). This is just
an extension of the scanning principle mentioned
earlier, but when there are sufficient beams avail-
able the quality of the data returned is sufficiently
good to reconstruct a 2D image (Figuresand.
In order to scan a sector of the bottom with high
resolution, the horizontal linear array of transduc-
ers have narrow horizontal beam patterns but wide
vertical beam patterns so that they can receive the
return as it sweeps away in range. A sonar capa-
ble of forming high resolution imagery is called an
imaging sonar. The DIDSON imaging sonar has 96
beams, which it can ping in sequenced groups. It
uses an acoustic lens to form beams in parallel, thus
resulting in a relatively high refresh rate of 5-20Hz,
depending on range [4]. Scanning sonars such as
the DIDSON present their data as an image, so the
sample bin size determines the resolution of that im-
age. Since the range and position data of obstacles
must be extracted from this image, the bin size ac-
tually determines the range resolution of the sonar,
as well.

A 2-dimensional array of transducers, either pla-
nar or conformal, using 3-dimensional beamform-
ing, can provide a full two dimensional array of
ranges (Figure . Since each of the beams is
very narrow both vertically and horizontally, like a

Figure 2: A sample image from the DIDSON imag-
ing sonar, showing a bridge abutment at about 5
meters [4].

pencil beam, the scanning principle can’t really be
applied, and so 3-D multibeam sonars are inevitably
echosounders, eg [16]. If the resolution of the 3-D
multibeam is sufficiently high to yield details about
the area in front of the OAS, it can also be consid-
ered an imaging sonar.

3 Obstacle Avoidance Sonar
Data Interpretation

Most of the above sonars contain substantial on-
board signal processing associated with recording
the returned pings and filtering to obtain useful
data. The could vary from a simple range in the
case of an echosounder to the complex and human-
interpretable images created by the high-resolution
sonars. This data must then be processed into a
form that can be passed to an obstacle avoidance
algorithm. This section will discuss the process of
moving from the native data format of the OAS to a
highly compact data form that has identified obsta-
cle threats. Some processors designed especially for
obstacle avoidance may have the capabilities to do
this processing, or it may be the task of the sonar
integrator to perform the processing. Many of the
techniques discussed below require substantial pro-
cessing power for successful real-time operation, a
limited resource on a small-diameter AUV. Process-
ing requirements should be considered when consid-
ering the viability of a given sensor.
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3.1 Echosounders and Plane Filtra-
tion

As discussed above, simple echosounders will pro-
vide a range to the nearest object in the ensonified
region. As there is no available corroborating infor-
mation for the single echosounder, any time the sen-
sor returns several continuous readings of approxi-
mately the same range, it should be assumed a real
obstacle is being detected.

The mounting angle for echosounders is a sub-
stantial issue. See section ] for a more detailed
discussion of the trade-offs associated with point-
ing angle of echosounders. Whatever the mount-
ing angle, the vehicle may assume an attitude that
leaves the ocean floor or surface within the ensoni-
fied area of the sonar. In these cases, the sensor
may return a valid sounding that originates not from
an obstacle but from the plane of the ocean floor
or surface. This sounding is useful information for
topology-following, but should be classified as such
and not as obstacle data. The AUV can use a sim-
ple algorithm that relies on attitude, altimetry, and
bathymetry data obtained from other sensors to fil-
ter out echosounder range returns that probably in-
dicate the surface or floor. The algorithm should be
symmetric for either surface or floor. The following
discussion will refer only to the floor.

Figure [4] shows the computation. The computa-
tion should give an approximate range value R that
the sensor would report if the return came from a
flat bottom. If this value is greater than the range
of the sensor, then any valid return from the sen-
sor be assumed as return from an obstacle. If R is
within the range of the sensor, then a comparison to
the real range should yield some useful information.
If the obstacle avoidance algorithm is attempting
to do topology following, the expected range, the
returned range, and attitude and altimetry infor-
mation can be used to compute a slope angle of
the terrain. Other applications might be more in-
terested in an obstacle/non-obstacle determination.
For this purpose, a scaling coefficient should be set
such that if the reported range is less than the pre-
dicted range multiplied by the scaling coefficient an
obstacle is reported. Setting a coefficient near 1 will
result in a very sensitive obstacle reporting module
that reports any elevation change as an obstacle.
Lower coefficients will reduce sensitivity, increasing
the size of bottom elevation change that will be ig-
nored but also allowing the vehicle to get closer to
an obstacle before avoidance is initiated.

Figure 4: Range prediction computation over a
flat bottom, where A is radius of the beam of the
echosounger, 6! is the pitch of the vehicle, §2 the
pointing angle of the echosounder, and 1 the roll
of the vehicle. The estimated range is given by:

Alt(m)
cos(01+62—N\) cos(vp)

Range(m) =

3.2 Linear Arrays and Image Pro-
cessing

Linear arrays return a 2-D array of information.
If the array is horizontally mounted it will di-
rectly sense range and horizontal extent; if vertically
mounted it will sense range and vertical extent. As
many linear arrays are used for imaging, an imag-
ing sonar will generally return an MxN pixelated
data swath, where M is the number of beams of the
sonar, and N is the number of range returns from
each beam. Each cell will have an intensity asso-
ciated with it - these intensities can be interpreted
as color for the purposes of image creation. Ini-
tially, the data is filtered for noise; multibeam data
is often extremely noisy, with backscatter and re-
verberation from the ocean floor and surface as the
primary sources of noise [I3] [I5]. A threshold is
then applied to the data to determine which pixels
are judged occupied. The activated pixels are then
grouped into distinct obstacles. The range to these
obstacles can be set to the range to the nearest oc-
cupied cell of those that makeup the obstacle. If
the linear array is horizontally mounted, then hor-
izontal extent can be determined by the width of
the cells with high intensity. A 2-D centroid can be
taken that locates the object precisely in XY [13] [7]

[12].



Figure 5: Representation of obstacle occupancy in a
3-D grid as generated from a 2-D multibeam sonar

3.3 3-D Data Obstacle Extraction

A 2-D transducer array returns actual 3-D data,
since it creates beams in both the horizontal and
vertical planes (Figures and . Thus, the
vertical extent of an obstacle is directly sensed. The
data from a 2-D array can be represented as a three-
dimensional grid with dimensions MxNxR, where M
and N represent the number of horizontal and ver-
tical beams, respectively, and R is the number of
ranges for each beams as determined by the sam-
pling interval.

For a given ping, each of the MxNxR cells should
have an associated intensity. This value can be nor-
malized, and then compared to a detection thresh-
old to determine a binary occupancy for each cell.
The algorithm in [14] then travels down each beam,
defined as the R returns associated with a given
MxN position. It begins with the closest cell, con-
tinuing to further cells until one or more occupied
cells are reached. The algorithm identifies all con-
tiguous cells past the first several occupied cells as a
occupied ’tube’ - all subsequent occupied cells past
a several non-occupied cell gap are discarded. Tubes
are grouped together to form inter-beam obstacles.
A centroid is taken to get the 3-D position of each
obstacle, and information as to range, horizontal ex-
tent, and vertical extent are all available. Figure
shows a processed occupancy frame, with one large
obstacle in the back of the ensonfied region.

3.4 Obstacle Tracking and Mapping

Both 2-D and 3-D processing yield an XY and pos-
sibly a Z location in space for each obstacle. While
this information is useful for not hitting obstacles
in the short term, building a map of the space

or accurately determining characteristics of the ob-
stacles requires another step: the obstacles must
be ’tracked’ from ping to ping. Tracking means
that newer information is used to refine the posi-
tion and characteristic measurements of the obsta-
cles from previous ping frames. Some tracking tech-
niques, prominently optical flow, attempt to inter-
polate pixel intensities from frame to frame to re-
late features [7]. Unfortunately, the noise of multi-
beam data is often too high to make this approach
viable. Another approach uses the processed data
on position and a Kalman filter to update positions
based on new information. The Kalman filter at-
tempts to identify whether the obstacles in the new
ping cycle are consistent with previous measure-
ments and come from an already identified obstacle,
whether the measurements come from a new and as
yet unidentified obstacle, or whether new data may
call into question already- identified obstacles. The
resulting data should be more accurate than using
data from a single ping cycle. See [13] for a detailed
implementation.

Tracked XYZ obstacle locations and estimations
of obstacle characteristics constitute a map - this
map can be used for higher level planning in situ-
ations where reactive obstacle avoidance is not suf-
ficient to complete a given task. Having knowledge
of the vehicle’s own perceptions of its movement as
acquired from LBL, inertial sensors, and a Doppler
Velocity Log becomes essential for map generation
- the less accurately the vehicle knows its own po-
sition, the less accurate estimates of obstacle XYZ
will be. In general, position estimate drift rates will
be low enough that the map remains fairly accurate
for short-term path-planning.

4 Obstacle Avoidance Behav-
ior Design

The previous sections have discussed the basics of
obstacle avoidance sonar and the processes involved
in getting obstacle data from those sensors. This
section discusses the basic building blocks of the al-
gorithms that actually take the obstacle data and
use it to generate the motor commands that will
cause the vehicle to move through the space.

4.1 AUV Dynamics
4.1.1 Rear-propelled vehicles

AUVs fall into two major classifications in terms
of motion dynamics. The vast majority of



Figure 6: Bluefin21 Rear-propelled AUV

small-diameter AUVs fall into the first category
(Bluefin21, MARTIN, RAIS, REMUS) - rear-
propelled vehicles (Figure @ A rear-propelled ve-
hicle has actuators that all line up along the for-
ward axis of the vehicle. Lateral or vehicle mo-
tion is caused by physical actuation of the thruster
for single-propeller vehicles, or differential thrust in
multi-propeller vehicles. Rear-propelled AUVs are
often well-controlled only in the forward direction;
running the thrusters backward can lead to uncon-
trolled motion. This configuration constrains the
movement of the vehicle in several important ways.
A rear-propelled vehicle has a well-defined turning
radius, the radius of the circle that the vehicle makes
when executing a lateral 360° turn at cruising speed.
Vehicle dynamics in the vertical plane are limited by
either the elevator deflection or the stall angle of the
vehicle, constraining the depth delta the vehicle can
achieve over a given horizontal distance.

4.1.2 Hovering vehicles

A much smaller group of vehicles belong to the hov-
ering vehicle dynamic group (Figure E[) Hovering
vehicles contain many separate thrusters at a num-
ber of different pointing angles. These thrusters
should give the ability to hold a position ("hover’) in
XYZ, even against current, and to translate in any
direction in the vertical and horizontal frames. Hov-
ering vehicles have far fewer restrictions on move-
ment than rear-propelled AUVs - the turning ra-
dius should be 0, as the hovering vehicle can turn
in place, and the depth delta over a given distance
should be infinite, as the vehicle can go straight
up or straight down. Unfortunately, hovering ve-
hicles are generally slow and not capable of going
long distance quickly, and thus are not useful for
certain mission specifications. While some of the
following concepts are also applicable to control al-
gorithm design on hovering vehicles, the rest of this
discussion concerns the algorithms specifically for
rear-propelled vehicles.

Figure T:
AUV (MIT AUV lab web page)

Lockheed-Martin’s CETUS Hovering

4.2 Autonomous Vehicle Obstacle

Avoidance Concepts

All AUVs will have control modules in the verti-
cal and horizontal frames. General control require-
ments include maintaining depth, altitude, or pitch
in the vertical frame and following a heading or a
trackline in the horizontal frame. These controls
will be designed for function in unobstructed water.

The designer must decide how to incorporate ob-
stacle avoidance into the basic control architecture.
Obstacle avoidance is of paramount importance to
land-based robotics, and substantial work has been
done on the arbitration between obstacle avoidance
and other vehicle mission goals. In recent years the
literature has settled on hybrid systems as a way
to accommodate both low-level and high-level goals
of a system. A hybrid system is generally imple-
mented in two layers. The lower-level layer is gen-
erally called the reactive component. The reactive
component of a hybrid system is a stateless mod-
ule that is generally responsible for implementing
small steps in the plan formulated by the planning
layer and reacting quickly to incoming sensor data.
It’s the responsibility of the higher-level, or delib-
erative, component of the hybrid system to keep a
notion of the state of the vehicle as determined by
accumulated sensor data, and to use this state to
implement the higher-level goals of the system.

There are both reactive and deliberative ap-
proaches to obstacle avoidance. Reactive avoidance
techniques are designed to ensure the safety of the
vehicle and to perform basic maneuvers to negoti-
ate obstacles. Deliberative avoidance can be used
to increase the complexity of obstacle that can be
successfully navigated.



4.3 Reactive Avoidance
4.3.1 Single Echosounder Avoidance

A single echosounder returns a minimum of infor-
mation, and can be used only for simple obstacle
avoidance. The nature of the information returned
is not detailed enough to accumulate into useful
state, so any avoidance algorithms based on a single
echosounder are going to be primary reactive. For
example, an algorithm may just turn the vehicle in
a new direction when an obstacle is detected. The
sensor doesn’t return enough information to be use-
ful in determining what direction to turn, and thus
the direction selected to turn the vehicle should just
be mission-dependent. Avoidance of floating obsta-
cles like surface ice can be accomplished by com-
manding descent when an obstacle is encountered,
and bottom-feature avoidance by commanding as-
cent.

Another primary use of a single echosounder can
be detecting situations where the vehicle is physi-
cally endangered. If an obstacle is detected withing
a given range, the vehicle could enter some sort of
safety violation maneuver, like killing thrust entirely
or doing a tight spiral ascent to the surface.

4.3.2 Basic Avoidance using 2-D and 3-D
Data

With the exception of a single echosounder all sen-
sors discussed will provide some measure of two di-
mensional data - at least range and bearing to obsta-
cles. This enables additional capabilities in obstacle
avoidance. The nature of the data allows the vehicle
to make decisions about the direction to turn when
encountering an obstacle, and even how strongly to
react to a given obstacle.

The avoidance algorithm must define the manner
in which the obstacle data is used to generate the
motor commands that will avoid the obstacle. One
simple approach uses a rule-based logic to determine
the vehicle’s actions. A rule could be “If there’s an
obstacle on the left and none on the right turn right”
or “if there’s an obstacle directly in front of the ve-
hicle, ascend”. This approach allows the designer
to specify behavior exactly using expert knowledge
- this approach should yield a high level of deter-
minism, as the vehicle should act predictably. This
approach does require the designer to transform the
data from a low-level obstacle representation, per-
haps ranges and bearings, to high-level determina-
tions like “there’s an obstacle on the left”. Addi-
tionally, the designer can’t anticipate all possible
scenarios the vehicle may encounter - the approach’s

predictability also limits it’s adaptability to novel
situations.

Other approaches use a direct and continuous ap-
proach to translate obstacle data into commands.
An example is the potential fields approach, which
represents the obstacles as repulsive forces acting
on the vehicle. An obstacle’s location will cause a
force to be exerted that will turn the vehicle away
from the obstacle. If multiple objects are sensed, the
forces are summed. Generally, the nearer an obsta-
cle is to a vehicle the larger the magnitude of force
it will exert [I]. It is relatively simple to create a
function that creates a motion vector based directly
on the ranges and bearings to the obstacles.

A number of factors may affect the magnitude
of the action recommended by the chosen approach.
For instance, in [6], the turn rate is limited in accor-
dance with the vertical and horizontal swath of the
vehicle’s obstacle avoidance sensor - turning faster
than a certain rate could cause the vehicle to move
into territory that had not yet been sensed, and thus
could contain an obstacle.

4.3.3 Arbitrating Among Multiple Goals

Obstacle avoidance will never be the sole function
of the reactive system. Each goal of a given mission
can be represented by a behavior, which will create
a motor recommendation based on the goal of the
behavior and the incoming data. These recommen-
dations must then be arbitrated to yield the final
motor outputs of the reactive system. Two promi-
nent arbitration methods are the schema method
and the subsumption method. The schema method
takes all recommendations, scales them according to
gains, and sums the result, creating an output that
is a blend of all goals of the system. A goalpoint-
achieving behavior and the obstacle avoidance be-
havior could be blended, yielding avoidance that
should have an awareness of the goalpoint. The
gains can be set such that a higher priority has a
higher gain and will thus factor more heavily in the
final weighted sum.

In contrast, the subsumption approach operates
as a winner-take-all approach. Behaviors are orga-
nized in a strict hierarchy, and the highest-priority
behavior that decides to act gets complete control
of the motor commands. If a goalpoint-achieving
behavior and a obstacle avoidance behavior operate
simultaneously, the goalpoint behavior would gov-
ern the vehicle completely until an obstacle was en-
countered. At that point the higher-priority obsta-
cle avoidance behavior would take complete control
of the vehicle and execute an avoidance maneuver.



See [2] for a detailed dicussion of the trade-offs of
these approaches and several other less used arbi-
tration methods.

4.4 Deliberative Avoidance
4.4.1 Feature-based Avoidance

Feature-based avoidance seeks to expand on the lim-
itations inherent in a purely stateless reactive sys-
tem. Feature detection uses a very limited view of
state to negotiate tricky or dangerous obstacles. An
example of a feature that feature detection could
avoid is the so-called “canyon” scenario, where the
vehicle enters an area that has walls on three-sides.
A stateless reactive system will probably just make
a loop in the middle of the canyon. If a simple sys-
tem can identify that there are obstacles not easily
avoided, it can try to wall-follow around the ob-
stacles, an extremely useful technique that would
probably get the vehicle out of the canyon. Wall-
following can be initiated by changing the weight-
ings of parameters within the existing behaviors or
activating entirely new behaviors. Another useful
feature could be to keep a record of areas that the
vehicle had previously occupied , and discourage
the vehicle from entering these areas. This simple
method can keep the vehicle from the cycles in which
reactive systems get stuck.

4.4.2 Map-based Avoidance

Map-based avoidance attempts to use path-
planning algorithms on map data to generate a
safe path that is consistent with the goals of the
system. The format of the map will likely deter-
mine what kind of path-planning algorithm is opti-
mal. Path-planning algorithms can be generalized
into two primary groups - grid-based and geometry-
based. Geometry-based models represents the ob-
stacle space as a list of geometric figures (e.g.
spheres, polygons, or convex solids). See [13] for
a geometry-based optimal path-planning approach.
Grid-based models lend themselves well to maps
that can be easily translated into 2-D or 3-D oc-
cupancy grids. An occupancy grid contains either a
binary value associated with whether an obstacle is
judged to be in a given grid cell, a percentage likeli-
hood that the cell has an obstacle, or a cost associ-
ated with the cell, where cells judged to contain an
obstacle have a higher cost. An algorithm attempts
to select a path through the cells of the grid from
the current location to a goal point that is judged to
be the best. The best may be determined by lowest
cost, shortest, or some combination of the two. The

relative merits of the grid-based A* approach and a
breadth-first search approach are discussed in [6].

Some planning techiques are guaranteed-optimal,
meaning that they will find the optimal path in a
map if allowed enough time. Unfortunately, these
techniques are very processing intensive and may
not be able to run in anything approaching real-
time given the processing constraints on the vehi-
cle. Tt may not be required that an optimal path
be generated though, as new information could be
discovered at any point which will change the opti-
mal path. Thus it may be a good design decision
to just concentrate on generating a decent but not
necessarily optimal path.

5 Mission-level Obstacle
Avoidance Strategy Rec-
ommendations

Many concepts have been introduced that will be
part of selecting an optimal obstacle avoidance
strategy for a given mission AUV and mission. An
obstacle avoidance strategy will consist of an obsta-
cle avoidance sensor, processing and filtration tech-
niques that will extract obstacle data from the sen-
sor, and the algorithms that will use the obstacle
data to avoid obstacles and achieve the goals of the
given mission.

A review of the AUV literature produced three
main categories of missions being conducted today
by AUVs - large-scale survey, route tracking, and
reacquisition and identification. Each of these mis-
sions will be examined to determine what the ob-
stacle avoidance requirements for the mission are,
and what avoidance strategy will best negotiate the
trade-offs associated with strategy selection.

5.1 Obstacle Avoidance on Survey-
oriented AUVs

Requirements A primary mission of AUVs
is large-scale survey. Survey-class AUVs are
specifically designed to achieve bottom-coverage
over a given area for high-detail sonar mapping,
bathymetry, or scientific experiments (Bluefin21,
REMUS, MARTIN). The primary payload on a sur-
vey will generally be a side-scan or multibeam sonar.
Achieving full sonar coverage of an area will re-
quire running long low-altitude tracklines spaced at
a range determined by the payload. Standard al-
titudes for acquiring high-definition side-scan data
range from 5-15 m - low-altitude operation as far



as sonar manufacturers are concerned [15]. Operat-
ing depths range from very shallow water to several
thousand meters. While recording sonar data on
tracklines, stability is of prime concern. If there is
too much attitude or altitude instability it can com-
promise the sonar data and track coverage.

While a survey-oriented AUV should certainly
not hit an obstacle, the avoidance requirements for
the general survey mission are minimal compared to
the other missions examined in Sections 5.2l and [5.3
A major caveat for design is that avoiding obstacles
in the horizontal plane would force the vehicles from
the survey tracklines, compromising the sonar data
for that section. Thus the algorithm can be designed
to avoid only in the vertical plane; sensing extent
in the horizontal plane is not important. Addition-
ally, obstacle avoidance behavior should not be initi-
ated casually, as any instability in the vehicle could
compromise sonar data. On the other hand, the
mission could profit considerably from anticipating
the topology of the bottom and scheduling depth
changes to stay at a smooth and constant altitude.
A survey-class AUV is not attempting to reach a
single point in the 3-D space - its goal is rather to
smoothly and safely follow a track.

Sensor selection All of these considerations can
be met with a relatively simple sensor - a vertical
linear echsounder array. A single echosounder is too
limiting, as it cannot sense vertical extent. Ad-
ditionally, setting the pointing angle of the single
echosounder requires a trade-off. A more upward
pointing angle can detect obstacle at greater range
but does not give information that will be useful
for toplology following. An echosounder mounted
pointed steeply downward can give topology- fol-
lowing information but cannot detect obstacles at
enough range to enable avoidance. With an ar-
ray containing a number of beams with different
pointing angles both topology-following and long-
distance obstacle sensing can be accomplished. A
more complicated sensor is not necessary - the most
important data is ranges to obstacles, and thus the
extra processing to enable scanning is not worth-
while. As the vehicle does not need horizontal ex-
tent information, a 2-D array is also not necessary.

The vertical array should have beams spaced
such that the vertical swath is large, with some
beams pointing steeply downward primarily for use
in topology following, and some beams at shallower
pointing angles or even slightly upward-looking for
long-range obstacle sensing and vertical extent de-
termination. While the ideal would be a number of
narrow vertical beams that give full coverage in the

vertical swath, for lower cost implementations hav-
ing actual gaps in the vertical coverage would be
acceptable; in this case, the pointing angles should
be evenly distributed along a large vertical swath.
An array of 4-6 beams with different pointing angles
should still give the ability to determine enough bot-
tom and obstacle properties for good vertical avoid-
ance.

Algorithm Selection On an algorithmic level,
much of what the survey-class AUV will be doing
will be topology-following. The lower several beams
of the linear array will be of primary use in near-
term topology following, for use in following gen-
tle slopes or compensating for small ground distur-
bances. The rangings of the more downward point-
ing beams can be used in a computation much like
that in Figure [4] to determine bottom slope. This
information can be used to schedule the depth ad-
justments that will keep the AUV flying at a smooth
and constant altitude.

If an obstacle is detected by the more upward-
looking beams, topology following on a larger scale
should occur. If the linear array is dense, the obsta-
cle should be detected on more than one beam. The
vehicle should be able to use the information from
several beams to determine the vertical extent of the
obstacle. This information can be used to schedule
the depth delta necessary to fly over the obstacle
with a comfortable clearance. This should allow the
vehicle to minimize the pitch angle required to clear
the obstacle, keeping the vehicle as close to level as
possible, preserving the quality of the sonar data.

Another important role of the algorithm is to de-
termine when an obstacle is unavoidable. An ob-
stacle should be considered unavoidable when the
difference between the vertical extent of the obsta-
cle and the elevation of the vehicle is larger than the
maximum depth delta the vehicle can achieve in the
lateral range to the obstacle. When encountering an
unavoidable obstacle, the algorithm should initiate
a maneuver that will spiral ascend. A spiral ascent
is a steep ascent at the maximum turn rate of the ve-
hicle - this should give maximum depth delta, and
only require a lateral area the size of the turning
radius. Obviously, this will disrupt the sonar data.
With a sensor that has substantial range and beams
with shallow pointing angles, situations in which an
unavoidable obstacle is encountered should be ex-
tremely rare. An obstacle that has a vertical extent
outside the ensonified area may or may be unavoid-
able - pitching the vehicle up should make the ver-
tical extent detectable and the obstacle classifiable.
If the vehicle finds itself in a situation where the



obstacle range is less than the vehicle’s turning ra-
dius, it constitutes an actively unsafe condition, and
thrust should be killed.

Ice avoidance is a similar proposition, except the
beams should be primarily upward-facing. A lin-
ear array with 180 degrees vertical swath should be
able to accomplish both topology following and ice
avoidance using a slightly more complicated version
of the above algorithm.

The above algorithm is well-expressed by rules.
Either the algorithm schedules a gradual depth or
issues the spiral command. For this mission, the
scenarios are predictable - and the desired behavior
highly deterministic. Thus, implementing the algo-
rithm should be rule-based. The extra adaptability
gained by a continuous response algorithm is not
worth losing the determinism and predictability of
a rule-based system.

5.2 Obstacle Avoidance on Route
Tracking AUVs

Requirements Survey-class AUVs tend to map
out a large area of ocean floor - other AUVs have
missions more centered on following paths for long
periods of time, whether laying cable in situations
difficult for ROVs or other submersibles (Theseus),
or performing optical pipeline surveys (RAIS).

Route tracking places a more stringent require-
ment on the vehicle’s ability to follow a specific track
and reach specified points. The route as specified
along a pipeline or route for cable generates a spe-
cific requirement for following a particular path in
both the vertical and horizontal frames, often at ex-
tremely low altitude. The route might be occluded
and run extremely close to obstacles, and failing to
track along the route could constitute mission fail-
ure.

These factors combine to require that the obsta-
cle avoidance sensor selected for an AUV with this
mission be substantially more complicated than on
a survey-class AUV. This vehicle needs the capa-
bility to reactively avoid in both the vertical and
horizontal frames, and the necessity of reaching spe-
cific points in space may require path planning to
negotiate certain difficult situations.

Sensor Selection The optimal sensor for this ap-
plication is a 2-D multibeam array. The require-
ments of this mission justify the selection of the
most complicated sensor covered in Section [2] Res-
olution is not a huge concern - the application is not
particularly concerned with specific features of the
obstacle, but it does need to know to a high degree

of specificity where they are located in the space.
Additionally, as the 2-D array should give 3-D in-
formation, it should be the best suited for use in
constructing a 3-D map of the area for use when
the route takes the AUV along a particularly diffi-
cult stretch of bottom. Of the sensors discussed, the
Sonatech STA-013 seems best suited to this task. A
less complicated sensor could not provide the infor-
mation necessary to optimally execute this task. A
linear array could be used, but would not be op-
timal, and would constrain the vehicle in vertical
obstacle avoidance.

Algorithm Selection This vehicle will need a hy-
brid reactive/deliberative system to give the best
chance of mission success. The reactive system will
need several behaviors. A goal behavior must be im-
plemented to follow the trajectories determined by
the path-planning or pipelining tracking algorithms
in the deliberative module. This behavior should
try to steer the vehicle along the route at whatever
altitude is required. An obstacle avoidance algo-
rithm based on the potential fields approach and
using schema-blending should also be optimal for
this task. The task requires the greater adaptability
of continuous response rather than the discrete de-
terminism of a rule-based approach. Schema-based
blending seems better a better choice than subsump-
tion in this application as well - if the obstacle avoid-
ance behavior takes sole control of the vehicle, it
could send it far away from the route or pipeline,
compromising the primary mission objectives. Im-
plementing using blending should mean that the ve-
hicle will avoid in such a manner that keeps it near
the route.

The deliberative layer should include path plan-
ning capabilities for navigating complex obstacles
and incorporating any a priori knowledge of the
route. Both feature-avoidance and map-based path-
planning should be useful in allowing the vehicle
to successfully complete the mission even in com-
plicated environments. [I] presents a complete ap-
proach to the problem, though they use what may
be a less than ideal mechanically scanned sensor.

This vehicle will have a high degree of non-
deterministic autonomy - its behavior during avoid-
ance manuevers will be emergent and thus difficult
to predict. This is certainly an uncomfortable state
for an extremely expensive piece of equipment oper-
ating deep in the ocean, but the emergent properties
of the algorithms give the extra measure of adapt-
ability that should enable the vehicle to complete
its mission. Given the uncertainty of the domain,
accurate simulation should be an essential part of



algorithm testing. A simulator should combine re-
alistic hydrodynamic models with an accurate sen-
sor representation. This is a substantial problem in
itself - [6] considers the problem briefly.

5.3 OAS for Reacquisition/ Identifi-
cation (RI) AUVs

Requirements RI AUVs are generally used in
conjunction with survey or route tracking AUVs.
A location or obstacle of interest is identified in an
extended survey, and an RI is dispatched to the lo-
cation to do an extremely close range and small-
scale survey to try to identify. Obstacle avoidance
on RI vehicles is perhaps the most complicated do-
main, as the express purpose of an RI vehicle is find
and move near obstacles, not necessarily just avoid
them. The OAS on an RI AUV must serve dual
purposes, enabling both the reacquisition and iden-
tification portions of the mission. For reacquisition,
the vehicle will be given an approximate location of
the obstacle and perhaps some amount of a priori
knowledge of the environment. It then must move to
the target, avoiding obstacles in a possibly cluttered
space occupied by potentially hazardous obstacles,
such as mines. If a survey-class vehicle hits a wall
while moving 3 knots, it may result in a bit of dam-
age to the vehicle, and will certainly compromise the
data for that segment, but the vehicle will probably
continue to function. If an RI vehicle activates an
underwater mine not only will the vehicle be oblit-
erated, but other assets could be harmed. Thus the
vehicle must be capable of excellent obstacle sensing
and avoidance.

Sensor selection It may seem like the trade-off
between reacquisition requirements and identifica-
tion requirements could be an impossible one, but
some sensors actually can use two different frequen-
cies, a lower one for longer ranges with lower reso-
lutions, and a higher frequency capability for short
range, high resolution sensing (see the description
of the DIDSON in section [2). If a single sensor is
to be used in this task, this dual-frequency capa-
bility is essential. As this sensor will doubtless be
the primary payload of the vehicle, the greater ex-
pense to get a complicated sensor will pay off in
terms of mission capabilities. For the task of identi-
fication, a high-resolution imaging linear array will
probably be sufficient. The vehicle should move ex-
tremely close to the object, and either record data
for later review by a human operator or pass the
data through a computer-aided detection algorithm.
If the vehicle is doing real-time image analysis, it

should be easy to include a pass on the data for
obstacle detection. A horizontal linear array will
not provide good vertical extent information, and
will limit avoidance capabilites in the vertical frame.
The true ideal sensor is a dense planar array like
those discussed in [11]. Beamforming techniques on
a high density array should yield extremely high-
resolution 3-D data useful for both reacquisition and
identification.

Algorithm Selection Given the hazardousness
of the environment, the vehicle must use an ex-
tremely careful reactive algorithm. Additionally,
the vehicle must have the capability to achieve a
given location, which requires path-planning and
map accumulation. Finally, the vehicle must acheive
the adaptability necessary to operate in cluttered
areas with uncertain obstacle locations. An inter-
esting rule-based approach for operation of a rear-
propelled vehicle in mine fields is presented in [6].
The approach attempts to carefully control for the
safety considerations associated with rear-propelled
vehicles, and depends substantially on deliberative
approaches to guide the vehicle through complicated
mine fields.

A different possible solution might lie in the form
factor of the vehicle. A rear-propelled vehicle has
significant limitations associated with the dynam-
ics of the vehicle. Turning radius requirements and
the impossibility of moving backwards make it ex-
tremely difficult to create an obstacle avoidance ap-
proach that is both safe and sufficiently adaptable.
A vehicle capable of hovering has many fewer limita-
tions. A hovering vehicle should be able to hold po-
sition, rotate in place, and translate in any direction
(see Section These properties seem extremely
well-suited for an RI vehicle: staying relatively mo-
tionless near a vehicle while recording sonar data
should reduce distortion and generate a greater vol-
ume of good data, and the limitations on the vehicle
behaviors for avoidance maneuvers are reduced sub-
stantially when the dynamics of the vehicle become
so much more tolerant.

6 Conclusion

This paper presents the full scope of considerations
that go into the design of an obstacle avoidance sys-
tem for small-diameter AUVs. It has attempted to
highlight some of the important trade-offs that must
be made for sensor selection, data processing, and
algorithm design.

Future missions will always require more func-



tionality for obstacle avoidance: additional sensor
performance, greater autonomy, higher safety guar-
antees. Additionally, future requirements may in-
clude new challenges, like moving obstacles avoid-
ance, or that operation must occur in places that
are extremely difficult to navigate, like underwater
caves. Care should be taken to negotiate the trade-
offs inherent in obstacle avoidance system design,
from sensor level trade-offs in resolution, range, ex-
pense, and processing requirements to algorithmic
trade-offs of determinism versus adaptivity.
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