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Abstract

Navigation software is a critica part of an
Autonomous Underwater Vehicle (AUV) system.
Due to its complex nature, testing and debugging
of navigation software often involve long and
costly seatriads. Modeling and smulation is a cost
effecive way to minimize unnecessary
operationa overhead. Navigation system can be
tested with different smulated sensor signals so
that even very well hidden bugs can be possibly
simulated and debugged. This paper describes our
preliminary modeling and simulation work on the
AUV navigation peformance using a long
baseline acoustic sonar system. The goals of this
work are twofold: to develop a mechanism with
which to test vehicle position software against a
benchmark analytical solution, and to assess the
LBL navigation performance as a function of
operationa conditions. Specificaly, the Method
of Gaussan Ray Tracing is used to mode the
propagation of the underwater acoustic signa, the
result is then fed into a Hardware-In-the-Loop
smulation system that communicates directly
with the AUV embedded navigation software.
This way the performance of AUV navigation
using LBL positioning can be characterized.

Introduction

Autonomous Underwater Vehicles (AUVS) are
un-tethered, unmanned robotic platforms that can
be preprogrammed to achieve accurae
navigation, control and guidance tasks. This
enabling technology specifically addresses the
fundamental issue of gpatiad diasng in
conventional oceanographic surveys using point
observations, and provides a customizable
solution in terms of strategizing spatio-temporal
sampling. As AUV typically operate underwater,
the effects of waves and currents on the vehicle

motion are greatly reduced, thus providing the
required stability for a suite of sensors onboard,
such as imaging sonars. Further mission
enhancement could involve multiple, small AUVs
deployment with long-endurance, adaptive, co-
operative capabilities such that the sampling
objective can be achieved by means of “divide
and conquer” [7][14].

Typical AUV missions include four-dimensiona
oceanographic data and rapid environmental
assessment in which littoral variability can be
timely quantified. This added utility value to the
underwater community provides an unprecedented
opportunity to vaidate existing ocean models for
better forecasting capabilities. Recent results from
the Navy funded research on the use of small
AUVs for shallow water mine reconnaissance
have shown that AUV's have significant potential
to augment or replace humans and mammals for
some Very Shal Water Mine Reconnaissance
tasks. Other notable examples of demonstrated
AUV capabilities include wide area side scan
survey, targeted multi-sensor survey, and Ste
ingpection [1][2].

Unlike terrestrid and space environments, the
underwater domain typicaly imposes the most
restrictive physical control and sensor limitations
upon any AUV (eg. corrosion, ground fault,
acoustic variability). Although there now exist
many remotely operated submersibles (ROV) and
a matured field of autonomous robot research,
only few AUVs exist and their capabilities are still
limited albeit extending. Difficult, tedious and
potentially hazardous at-sea testing, technical
challenges to directly observe the AUV in-stu,
environment restrictions, unacceptable loss of an
AUV due to tremendous investment in time and
resource, are al the reasons for justifying the use
of modeling and smulation for AUV



development, testing and personnel training so
that component and system level troubleshooting
and mission planning can be carried out more
cost-effectively [3].

Models can generadly be considered as
mathematical descriptions of the corresponding
physical systems of interest whereas simulation
addresses how these models ae to be
implemented in terms of hardware and software
configuration. Modeling and simulation are often
implemented at vehicle dynamics and control
level such that the main objective is to accurately
replicate the actual vehicle response subject to a
variety of anticipated disturbances, such as waves
and currents. This might deem suitable when the
focus is placed on theoretica analysis of vehicle
dynamics and motion controller design. It should
be emphasized that an AUV is a complex system
in which the interaction among low-level motion
control, navigation, guidance and
emergency/event handling tasks determine if a
mission can be successfully carried out. When the
focus is placed on the systems rdiability, the
coupling effect that arises from these tasks cannot
be ignored. A genera rule of thumb for
performing modeling and simulation is to ensure
that the behavior of a smulated system closely
matches that of the corresponding physica
system. To take this further, part or all of system
hardware and software can be directly connected
to the smulation, (Hardware-In-the-Loop, or
HIL).

In an HIL smulation, sensor modeling is a critical
part. Recently, we were able to smulate the
propagation of acoustic signals in shalow water
using Gaussian Ray tracing method. This can be
useful for underwater vehicle Long Basdline
(LBL) navigation system assessment.

A Long Basdine (LBL) system is a type of
underwater acoustic positioning system  that
congists of atransponder and severa beacons. The
transponder is attached to the vehicle, whereas the
beacons are located at pre-known fixed positions.
The transponder sends out acoustic signals to each
beacon and waits for its reply. Based on the reply
time, the distance between the vehicle and each of
the beacons can be determined. These distances
can be used to estimate the position of the vehicle.

The first part of this paper presents the Method of
Ray Tracing that simulates the signals from a
beacon over a flat bottom in shalow water. The
algorithm traces the acoustic rays as they bounce
between sea bottom and sea surface. The echoes
are added together to smulate what the vehicle
transponder would hear. The reply time from a
beacon to the vehicle can thus be determined.

The second part of this paper describes the HIL
simulation, as well as how the reply time obtained
from Ray Tracing can be used in the smulation to
assess the LBL navigation software performance.
The paper concludes with results and discussions.

The Acoustic M odels

Two Acougtic Models are used to simulate
underwater acoustic signal  propagation, i.e,
Gaussian Ray tracing and the Method of Images.
The former can be applied to a variety of 3-
dimensiona environments but is computationally
intensive. The Method of Images is fast and more
accurate but with limited applications. Both can
account for transient point sources located in near
and far fied. In some simple cases, the Method of
Images can be used to verify the Gaussian Ray
Tracing (GRT) Method.

The GRT method models a source by emitting a
finite number of rays that flux out of a point. Each
of the ray paths is traced and its angular distance
is used with the following Gaussian weighting
function [4]

W(q)= C*exp(-a*q ?)

Where the constants, C and a, can smooth out the
solutions in order to more closaly resemble redlity
[10]. W(q) is afunction of the angular distance, q,
which is defined as the angle between any given
ray and its eigen-ray. An eigen-ray is defined as
any ray that passes a given receiver point exactly.
Figure 1 shows an eigen-ray (denoted by “o0” at
center) and a distribution of discrete rays (denoted
by “x”) with their relative weighting vaues.
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Figure 1: Eigen rays.

The sum of the rays weighted around the eigen-
ray is unity. It should be noted that any ray that is
outside the circle has a weight value less than
6x10°. The GRT agorithm thus only adds al the
rays within the circle of reach, and models each of
the included rays as a smple acoustic source with
its associated weighting.

The sound pressure from an individua ray is
caculated as [4]

p, = CB, exp(-aq,” + jw) /S,

Here w is the angular frequency, t represents
time, § is the length of the ray, and B, is a
constant.

Enveloping the pressure for a single ray with the
time window H({+S/c,), axd summing dl the
rays together, we have:

N
P=@ H(t+S /c,)CB exptaq’+ jw) /S

i=1
Where N is the total number of the rays within the
circle,and c,, is the sound speed.

Converting the pressure into voltage by
multiplying the above equation with the constants

Q and Rto, we get:

V=& QRHI(+S /c,)CB exp(- ag” + jwe)/§

i=1

Where Q is the source strength, R is the receiver
sengitivity.

Taking the real part of the above equation, we get:

BQRMQ)H(t+S /c,)cosiMt +S /c,))/ §

Qo=

V=

!
[y

Note that in the above equations, the time for the
ray to travel from source to the receiver point is
aready considered as the time changes from t to

t+S/c,.

The Method of Images treats each eigen-ray as if
it were from an image source either above the
surface or below the bottom. Four image sources
areshownin Figure 2.
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Figure 2: Image sources

The actua paths of the eigen-rays are the dotted
lines with the dashed lines being the rays from the
image sources. What an acoustic sensor would
sense is smply the summation of al the rays from
al the image sources. The voltage signa from the
Method of Images as a function of time and space
can be exactly described as:

V=& BOH(+S /c,)cosw(t+§ /c,)/S

i=1



Where subscript i goes from 1to N, and N is the
total number of elgen-rays taken into account [4].

Acoustic Smulation Scenario

The scenario for the smulation considered in this
paper consists of a flat bottom with a constant
bathymetry of 20 meters and sound speed of 1535
meter/second. The receivers and sources were
located in mid water column within a grid of 100
X 100 meters, and the emitted signal was
normalized and had a frequency of 12kHz with a
three cycle Hanning ramped 0.01-second window.
It is also assumed that the principle of reciprocity
holds. C and a were set to 0.2841 and 2930
respectively during the whole process of our
smulation [13].

The path in which aray passes a receiver directly
is caled direct path, or indirect when it passes the
receiver after a few bounces over the sea surface
and bottom. Asillustrated in Figure 3, there is one
direct path, and 4 indirect paths (rays have either
one reflection and two reflections).
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Figure 3: A direct path and four indirect paths

From the figure, one can see that the direct path
arrives at the receiver first since it's the shortest
path. The more reflections the longer the path thus
the longer it takes to reach the receiver, and the
weaker the signa is. With a perfect flat bottom
and surface, and the receiver and source are at mid
water depth, the geometry of each par of
reflecting rays is symmetrical about the direct
path. Therefore, the signas of each pair of rays
arrive at the receiver at the same time. Reflections
off the pressure releasing sea surface cause a 180-

degree phase change while reflections off the flat
bottom have no phase shift. Consequently, any
reflected pair of rays with an odd number of
bounces cancels each other out a the receiver
point, while any pair of rays with an even number
of bounces complements by doubling the
magnitude of the signal perceived by the receiver.

Different pairs of eigen-rays have different impact
on the signa perceived by a receiver. A typica
sgnal that arrives at the receiver is shown in
Figure 4. The receiver and source are 43.4 meters
gpart. With a constant 1535 m/s sound speed, it
takes 0.0282 seconds for the signad to arrive
directly after being emitted from the source.
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Figure 4: Overall signal perceived by areceiver

The pairs of rays with 1, 3, and 5 bounces arrive
a 00311, 0.0482, and 0.0710 seconds
respectively. However those pairs of rays with an
odd number of bounces cancel each other,
therefore have no impact on the signa perceived
by the receiver. The arrivals of pairs of rays with
2 and 4 bounces occur a 0.0384 and 0.0593
seconds. Note that a signd from an acoustic
source (beacon) is transient, and lasts only for
0.01 second, asillustrated in Figure 4.

Typically, the GRT model will stop propagating a
ray if it has lost a large percentage of its energy
due to repeated bounces [10]. Our simulation
assumes perfectly rigid bottom and pressure
releasing surface, which will not dampen a signa
after being reflected. To run the agorithm more
efficiently, the number of bounces was limited to
10.



Evaluation of the Ray Tracing Method

Given our smulation scenario the Method of
Images can model the eigen-rays exactly, we can
evauate the Ray Tracing Method by comparing it
with an exact solution.

To compare the Method of Images and the
Method of Ray Tracing, we compare the signas
perceived by distributing 80 receivers uniformly
in a 100 x 100 meter grid with an acoustic source
(beacon) located at each corner. The geographic
locations of receivers and beacons are illustrated
in Figure 5. Receivers are numbered columnwise
starting from the lowerleft corner. Beacons are
numbered counter clockwise starting from the
lowerleft corner

receiving point and beacon locations
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Figure 5: The geographical location of beacons
and receiving points.

The Standard Deviation of the signals generated

by the Gaussan Method relative to the signas
generated by the Method of Images was
calculated for each of the beacons and is shown in
Figure 6.
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Figure 6: Signals generated by method of images
and method of ray tracing

Results show that the Method of Ray Tracing is
very close to the Method of Images. The
discrepancy becomes large only when the receiver
is close to a beacon.

Trigger Level

In practice, the transponder attached to an AUV
has certain sengitivity to the acoustic signal. It will
not respond if the signal strength is below certain
threshold or trigger level. In an LBL system,
different trigger levels generate different reply
times, and different positioning results. A large
trigger level indicates that the transponder is not
sensitive to the signal, which may generate an
erroneous reply time and position. Therefore, a
procedure to set the maximal trigger level is
desirable.

Theoreticaly, the pressure field caused by a point
source with strength Q is given as[11]

P=Qlr

Where r is the distance from the point to the
source, P isthe pressure at that location.

Since the voltage generated by a receiver is the
pressure P at the receiver location, times the
receiver sengitivity R, it follows that

A= PR

Where A is the lowest voltage generated by the



receiver, R is the receiver sensitivity. Combined
the above two equations together, and cancel P we
get:

A= RQIr

In our simulation, QR is fixed to 1. The maximal
value for r, the largest distance between areceiver
and a beacon, is 150 meter. Therefore, the
smallest value for A is 0.0067. This value should
be used as an upper bound for the trigger level. A
trigger level larger than 0.0067 would cause errors
inreply time.

Hardware-In-the-Loop Simulation

A Hardware-In-the-Loop (HIL) simulation refers
to a smulation where part or all of the system
hardware is involved [8]. In the case of AUV
application, a connection between AUV hardware
and the simulator should be established. Figure 7
illustrates the principle of an AUV HIL
simulation.

Actud Misson

Vehide Software

Environment

Vehide Actuators

HIL Smulation

Vehide Software Smulator

Figure 7: Principle of the AUV hardware-in-the-
loop simulation

Asiillustrated in the figure, the ssmulator needs to
generate al the sensor data based on a vehicle
model, and send the data to the vehicle embedded
software. In return, it receives the actuator
commands from the embedded software, and
propagates them to the vehicle mode accordingly.
All the vehicle software will run on the vehicle
hardware platform, receiving sensor data and

sending out commands as if the vehicle were in a
real misson.

In our implementation, the smulator runs on a PC
installed with a Linux operating system, whereas
the vehicle software runs on a PC104 stack
ingtalled with a QNX operating system. The
connection between the Linux machine and the
QNX machine is established through TCP/IP
sockets.

LBL Simulation Results and Discussions

In an LBL smulation, since all the beacons and
the transponders are absent, the reply time needs
to be smulated. However, with the GRT Method,
the computation of the reply time for a specific
vehicle location is time consuming (on the order
of days). To smulate the reply timein red time, a
table of reply times for a pre-defined number of
locations can be pre-computed. The reply time for
the vehicle position other than at a pre-defined
location can be interpolated in real time during the
simulation.

To build a reply-time table, a grid that
encompasses al the beacons is divided into a
number of cells. The reply time for each of the
grid intersections (adso known as receiver
locations) is computed and stored as an entry in
the reply-time table (see Figure 5). To reduce the
complexity of the computation process only the
one way reply-time is computed off-line and
stored in the table. During simulation the round-
trip reply time was generated simply as twice the
stored one-way reply time based on perfect
reciprocity and no turn-around delay assumptions.

A lawn mower mission was carried out in the HIL
smulation. Given the reply-time table, a linear
interpolation method was applied to generate a
reply time for each of the beacons when the
vehicle was not at any of the receiver locations.

Suppose Xi, X, X, and X, are four adjacent
receiver locations. In the reply-time table, the
reply times for the four locations are Ty, T, Ts,
and T, respectively. Suppose X; = [X V1], X, =
[ yal', Xa = [% Ya]', Xa = [% Ya]', the linear
interpolated reply time for the vehicle position X
=[x y]" among Xy, Xz, Xz, X4 is defined as:



T=[T1*1-9+To*g*(1-1)+
[Ta* (1—9)+ T,* g *t

Heres= (X —X1) / (X2 —Xy)

t=(y—-y)/ (Y2—W).
XtEXE X, 1 EYE V..

When generating the reply-time table, a trigger
level must be set. A trigger level is a measurement
of the trangponder’s sendtivity to the acoustic
signals. The smaller the trigger level, the more
sensitive the transponder is, the more accurate the
reply time is, and the better the smulation result
will be.

The smulation results with different reply-time
tables generated from different trigger levels are
shown in Figure 8, Figure 9, and Figure 10
respectively. The solid blue line is the vehicle true
path during the mission whereas the black dots are
the estimated vehicle position using the vehicle
position estimator software. The red circles in
each plot indicate the four beacon positions.

comparison of AUV true path and LBL fixes
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Figure 8: Comparison with 0.005 trigger level
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Figure 10: Comparison with 0.013 trigger level

As Figure 8 indicates, even with a very small
trigger level, the vehicle embedded LBL software
could not aways compute a fix. There are severa
reasons for that, including the errors in the reply-
time table, and the errors introduced by
interpolation. Figure 11 shows the error
introduced by the linear interpolation method for
the four beacons. Significant errors (peaks)
always appear in the area close to the transmitted
beacon. However, most of them are quite small,
and can not explain the LBL failures in the center
part of the rectangle.
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beacons

These results led us believe that there are
agorithmic bugs in the embedded LBL position
estimation software. To validate that, another HIL
simulation with exact reply time hard coded in the
sensor output was conducted. The reply time for a
given beacon was computed as its distance to the
vehicle divided by the constant sound speed 1535
meter/second. In this case, there was no
interpolation performed. Figure 12 shows the
simulation result, which is ailmost identica to that
in Figure 8. This smulation explains the LBL
failures. There ill exist hidden and nonfata
algorithmic errors in the embedded software.

comparison of AUV true path and LBL fixes
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Conclusion

Preliminary LBL measurement modeling and
results has been presented. The reason for



choosing an ideal environment is to alow us to
verify the modeling accuracy since closed-form
solutions are available for such an environment.
The GRT method matched very closdly to the
Method of Images solution, which indicates that
the Ray Tracing Method is an effective method
for underwater acoustic modeling. The HIL
simulation is a cost-effective way to assess
acoustic navigation performance of the embedded
software, and the simulation results revealed
unexpected holes in the LBL fixes, which could
have been caused by hidden bugs in the position
code.

Future development includes varying sound
velocity profile as a function of depth and range,
accounting for varying sea states and using
updated bathymetry data of the Atlantic Ocean in
the Gaussian Ray Racing Method. An eigen-ray
interpolation table for more accurate and efficient
results could replace the reply-time table such that
the calculation of the reply time can be more
realistic and accurate.
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