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Abstract— Terrain aided navigation techniques are attractive
for obtaining submerged position fixes for an underwater vehicle.
This paper describes results from a real-time terrain navigation
system developed for the HUGIN AUV family. The system is a
result of previous work on terrain navigation at FFI and has been
tested in sea trials on several occasions. In the test described
herein, DVL altitude data was used in the terrain navigation
system, together with a high quality terrain database. After 5
hours of operation with terrain navigation as the only external
position sensor, the horizontal navigation accuracy remained
within 5 meters. Offline computations on the same data set
show that the terrain navigation algorithms are robust to initial
position errors, with the expense of longer convergence times. A
comparison of the DVL and map data also revealed a bias that
should be investigated further.

I. I NTRODUCTION
Precise underwater navigation is crucial in a number of
marine applications. This paper focuses on navigation of
autonomous underwater vehicles (AUVs), although the techniques described can also be used by other types of underwater vehicles, like submarines and remotely operated vehicles
(ROVs).
Most AUV navigation systems are based on inertial navigation, see e.g. [1]. Inertial navigation systems drift off with
time, even when velocity aiding is used. In order to allow
extensive submerged operations, additional position fixes are
needed. As GPS is not available underwater, one is often
dependent on acoustic aiding of the vehicle, either from a
mother ship or by using underwater acoustic transponders.
In order to increase the autonomy of the vehicle and avoid
costly pre-deployment of underwater transponders, terrainbased navigation is a favorable alternative. As an AUV in
many cases carries a bathymetric sensor, it is natural to utilize
bathymetric information in the navigation of the vehicle.
For the methods discussed here it is assumed that a prior
bathymetric map database of the area exists. Any sensor that
is able to measure the altitude of the vehicle can be used for
terrain navigation, and the effectiveness of the sensor for this
purpose is determined by the swath width of the sensor. A
sensor with multiple measurements in each ping, covering a
large swath, like a multibeam echo sounder (MBE), leads to
faster convergence of the terrain navigation algorithms than a
single measurement sensor, like an acoustic altimeter. In the
test presented in this paper, a Doppler velocity log (DVL) was
used as terrain measuring sensor, providing four measurements

Fig. 1. The HUGIN 1000 HUS seconds before launch from FFI’s research
vessel H.U. Sverdrup II.

from each ping.
Terrain-based navigation has been used for decades in
aircraft and cruise missiles [2], [3]. For underwater application
some work has been published over the last decade [4], [5], [6].
A variety of different terrain-based navigation methods have
been proposed in the literature. Among the more sophisticated
are the Bayesian methods, in which the position of the vehicle
is estimated using a state-space model. Due to the strong nonlinearity of the measurements, Kalman filter-based methods
have not proven to be suitable in most cases. Instead nonlinear
Bayesian methods like point mass (PMF) and particle filters
(PF) have been successfully applied to underwater navigation
[3], [5].
Terrain aided navigation for the HUGIN AUV family has
been a research topic at FFI for several years, [5]–[7]. This
research has led to the development of a real-time terrain
navigation system for the HUGIN vehicles, named TerrP. The
TerrP system is used as an external position aiding method
for the main inertial navigation system. The TerrP system
is thoroughly described in [8]. The HUGIN aided inertial
navigation system is described in [1]. Alternative real-time
underwater terrain navigation systems were described in [9],
[10].
The outline of the paper is as follows. In Section II the es-

sentials of Bayesian terrain navigation are presented, followed
by an overview of terrain navigation sensors in Section III.
Section IV gives a brief overview of the TerrP system, before
results from a sea trial of the system done in the Oslofjord in
April 2010 are given in Section V.
II. T ERRAIN NAVIGATION A LGORITHMS
In our application, the measurements represent the total
water depth at the MBE footprint, i.e. the sum of the AUV
depth, calculated from pressure sensor measurements, and the
altitude measurements from the MBE. To be able to compare
these measurements to the depth values in the map data base,
they must be converted to the same vertical datum as the map
database, usually mean sea level.
In [6], it was shown how errors in the pressure-to depth
conversion and tide effect compensation can lead to inaccuracies and errors in the terrain navigation position estimates,
and how this problem can be solved by including estimation of
the depth bias in the algorithms. In the tests described in this
paper, a 2-dimensional estimation model was used. Depth bias
issues may however be countered using relative depth profiles,
i.e. extracting the mean value from the measured profiles as
well as from the map profile.
A. System Model
We consider the following model for the motion of our
AUV,
xk+1 = xk + uk + vk0 + vk ,
0
vk+1

=

0
g(vk )

+

vk00 ,

(1)
(2)

where xk = (xN , xE )T is the AUV position vector, uk is
the position change calculated from the inertial navigation
system, and vk and vk00 are independent white noise sequences.
Equation (2) models the strongly correlated error propagation
of the inertial navigation system. The system measurement
equation is given by
zk = h(xk ) + wk ,

(3)

where the bottom depth measurement z is either a vector or a
scalar, depending on the type of sensor considered. For single
measurements, such as single beam echo sounders (SBE),
the measurements are scalar, whereas for multibeam echo
sounders (MBE) we have vector measurements. The function
h(xk ) denotes the true sea depth at position xk , which has to
be estimated by a digital terrain map. The vector wk denotes
the sensor measurement noise, which is assumed to be white.
In order to simplify the mathematical description of our
algorithms, we will express our true position as an offset, δx,
from the position estimate x̃ of the inertial navigation system.
Our process then becomes
δxk = xk − x̃k ,

(4)

δxk+1 = xk+1 − x̃k+1
= xk + uk + vk0 + vk − x̃k − uk
= δxk + vk0 + vk .

(5)

B. Filter model
Due to the computational requirements of the point mass
filter, we here restrict ourselves to a two-dimensional state
vector, representing the horizontal position of the vehicle. As
there is no room for additional error states in our state vector,
all our noises have to be modeled as white, and we have to
consider a simpler system than that in (1)–(3). To distinguish
between variables in our system and filter models, we use
asterisks for variables in the filter model. Our filter model
reads, using the same delta notation as in (4)–(5),
δx∗k = x∗k − x̃k ,
δx∗k+1

=
=

zk =

(6)

x∗k+1 − x̃k+1 = x∗k + uk + vk∗ − x̃k −
δx∗k + vk∗ ,
h∗ (x∗k ) + wk∗ = h∗ (x̃k + δx∗k ) + wk∗ ,

uk
(7)
(8)

with the assumptions
E{vk∗ vl∗T } = Qk δkl ,
E{wk∗ wl∗T }

= Rk δkl ,

(9)
(10)

where δkl denotes the Kronecker delta, such that the noise
sequences are uncorrelated from time step to time step. We
also need to specify the distributions of the noise sequences
and the initial position offset, δx∗0 . A convenient, but not
necessary, assumption is to assume Gaussian distributions,
p(δx∗0 ) = N (0, P0 ),

(11)

p(vk∗ )
p(wk∗ )

= N (0, Qk ),

(12)

= N (0, Rk ).

(13)

Equation (11) indicates that the initial position has a normal
distribution centered around the position x̃0 , given by the
inertial navigation system. We further assume that the process
noise, measurement noise and initial position are uncorrelated,
E{vk∗ wl∗T } = 0,

(14)

E{vk∗ x∗T
0 }
∗ ∗T
E{wk x0 }

= 0,

(15)

= 0,

(16)

for all k and l. The function h∗ (x∗k ) indicates the depth at
position x∗k given by the digital terrain map. We here use
terrain maps consisting of gridded nodes, and the depth values
given by h∗ are found by bilinear interpolation of the terrain
database. The noise sequence wk∗ in (8) therefore models both
map noise (including interpolation errors) and the sensor noise.
The measurement zk is the total sea depth at the current AUV
position, and it is computed as the sum of the AUV depth,
given by a pressure sensor, and the AUV altitude above the
sea floor, given by the bathymetric sensor. The noise sequence
wk∗ therefore contains contributions from map errors, pressure
sensor noise and bathymetric sensor noise. For a detailed
analysis of the depth accuracy for the HUGIN class AUVs,
we refer to [11].

C. The Recursive Bayesian Filter Equations

D. Point Mass and Particle Filters

Let Zk be the augmented measurement vector consisting of
all the measurements up to time step k. From Bayes’ formula
(see e.g. [12]) and our filter model, (6)-(8), we have

The Point Mass and Particle Filters are numerical estimation
methods for solving the optimal Bayesian filter equations (17)
and (22). The formulation of PMF and the Bayesian bootstrap
PF algorithms in the framework of terrain aided navigation
can be found in [6], wherein it was also concluded that the
PMF gives a more robust and stable terrain navigation solution. In the PMF, the probability distribution of the position
offset is estimated using a grid of point masses. From the
grid approximation, any type of estimate can be computed,
including the maximum a posteriori (MAP) estimate and
the mean of the posterior, i.e. the MMSE estimate, and its
covariance. If the probability density is unimodal, the MAP
and MMSE estimates in most cases coincide, whereas in
multimodal probability densities the MAP estimate coincides
with one of the modes, while the MMSE estimate is located
somewhere between the modes. In the results presented herein,
the MMSE estimates were used.

p(zk |δx∗k , Zk−1 )p(δx∗k |Zk−1 )
(17)
p(zk |Zk−1 )
pwk∗ (zk − h∗ (x̃k + δx∗k ))p(δx∗k |Zk−1 )
= R
.
pwk∗ (zk − h∗ (x̃k + δx∗k ))p(δx∗k |Zk−1 )dδx∗k

p(δx∗k |Zk ) =

R2

Our measurement update can then be written as
p(δx∗k |Zk ) = α−1 pwk∗ (zk −h∗ (x̃k +δx∗k ))p(δx∗k |Zk−1 ), (18)
where
Z

pwk∗ (zk − h∗ (x̃k + δx∗k ))p(δx∗k |Zk−1 )dδx∗k .

α=

(19)

R2

The minimum square error (MMSE) estimate is then given by,
see [12],

δx̂k =

E{δx∗k |Zk }

Z
=

δx∗k p(δx∗k |Zk )dδx∗k ,

(20)

R2

with the estimated covariance matrix
Z
P̂k =

(δx∗k − δx̂∗k )(δx∗k − δx̂∗k )T p(δx∗k |Zk )dδx∗k .

(21)

R2

For the time update of our position distribution we have, from
conditioning on the position offset from the previous time step
and using (7),

p(δx∗k+1 |Zk )

Z
=

p(δx∗k+1 , δx∗k )dδx∗k

R2

Z
=

p(δx∗k+1 |Zk )p(δx∗k |Zk )dδx∗k

R2

Z
=

pvk∗ (δx∗k+1 − δx∗k )p(δx∗k |Zk )dδx∗k . (22)

R2

Given the distribution of the initial position, p(x∗0 ), the equations (17) and (22) can now be used recursively to obtain
the distribution of the position offsets for each time step.
The integrals in the equations are, however, not analytically
solvable, and we therefore need to evaluate these integrals
numerically.

III. U NDERWATER T ERRAIN NAVIGATION S ENSORS
All sensors that are able to determine the vehicle altitude
above the sea floor can be used for terrain navigation. The
combination of the vehicle depth, obtained from the inertial
navigation system aided with a pressure sensor, and the vehicle
altitude represent the total sea depth at the position of the
vehicle. To obtain fast convergence of the terrain navigation
algorithms, it is desirable that the terrain measuring sensors
cover the sea floor as effectively as possible. The multibeam
echo sounder [13] measures the sea depth below the vehicle
using a large number of beams covering a wide swath beneath the vehicle and is very effective for underwater terrain
navigation [5]. However, many AUVs are not equipped with
advanced multibeam systems, and the use of less sophisticated
terrain measuring sensors for terrain navigation is therefore
an interesting topic. The Doppler velocity log (DVL) is an
important sensor in most modern AUVs. The DVL is an
active acoustic sensor that uses the Doppler effect to measure
the vehicle velocity with respect to the sea floor, as long as
the vehicle has bottom track, i.e. the altitude is within the
maximum range of the sensor. In cases without bottom track,
e.g. when the vehicle is traveling in the water column at large
altitudes, the DVL can measure the water relative velocity.
The terrain navigation results presented in this paper
were obtained using measurements from an Teledyne RDI
Workhorse Navigator 300 kHz DVL, which provides one depth
measurement from each of the four acoustic beams. The beams
are arranged in a Janus pattern, see Fig. 2, with each beam
forming a zenith angle of 30 degrees from the z axis in
a vehicle body coordinate system with the x axis pointing
forwards, the y axis starboard and the z axis downwards.
The beam azimuth angles are 45, 135, 225 and 315 degrees
respectively, for the way the DVL is mounted on HUGIN
AUVs. An example of the DVL beam footprint on the sea floor
when the vehicle travels in a southernly direction is shown in
Fig. 3.

Fig. 2. The Teledyne RDI WHN 300 kHz DVL. Courtesy of Teledyne RD
Instruments.

solution satisfies the predefined convergence properties. The
converged solution is then subjected to integrity checks, in
order to ensure that as few false solutions as possible are
sent to the main navigation system. If the solution passes
the integrity tests, it is sent to the main AINS, where it
is treated as a position measurement in the Kalman filter.
Otherwise, the TerrNav solution is not used. In either case, the
TerrNav algorithm is restarted, and a new correlation sequence
is started. In this way, the main AINS system is provided with
a series of TerrNav position updates that are less correlated
than what would be the case if the algorithms were never
restarted.
V. E XPERIMENTAL R ESULTS
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Fig. 3. Example of DVL footprint on the sea floor. Each ping yields one
depth measurement from each of the four measurement beams. The vehicle
is heading south in the example.

The TerrP system has been tested in sea trials on several
occasions. In May 2009 the system was tested in an area
between the Norwegian coast and Bear Island, in an area
where the sea floor was relatively flat, but with a large number
of marks from ice berg scouring. In this test, the vehicle
traveled a distance of approximately 50 km with TerrP as the
only external position update sensor. Multibeam echo sounder
measurements from a Kongsberg EM 2000 were used in the
TerrP system. The vehicle was followed with FFI’s research
vessel H.U. Sverdrup II, providing hydroacoustic position
(HiPAP) measurements of the vehicle. These measurements
were not used by the vehicle navigation system. After 7 hours
of submerged operation, the difference between the HiPAP
position and the HUGIN TerrP-assisted position was less than
4 meters, demonstrating the ability of the system to keep high
INS navigation accuracy with TerrP and DVL aiding alone.
This test is further described in [8]. The test described herein
was conducted in the Oslofjord in April 2010. The data set is
further described below.
A. Description of the Data Set

IV. T HE HUGIN R EAL -T IME T ERRAIN NAVIGATION
S YSTEM
The HUGIN Real-Time Terrain Navigation system, named
TerrP, is described in detail in [8]. The main purpose of the
TerrP system is to provide the main aided inertial navigation
system (AINS) with position updates, in a similar manner as
any other positioning sensor, like GPS or acoustic positioning
system. The integration is done in a loosely coupled manner.
Whenever a new correlation sequence is started, a grid of
a certain predefined size and resolution around the current
AINS position is defined, and the terrain navigation algorithm
is started with a predefined initial probability distribution
for the correct position. Variants of the TERCOM and PMF
algorithms, see [14]–[16], have been implemented in the
TerrP system so far, but due to its modular design, it is
straightforward to implement other algorithms in the system.
The results presented in this paper are from a 2-dimensional
PMF implementation. As new terrain measurements are made
available to the TerrP system, the algorithms are updated
recursively, until the proposed terrain navigation (TerrNav)

The test was carried out in the area between Åsgårdstrand
and Bolærne in the Oslofjord, as part of a cruise in which a
number of new HUGIN technology components were tested.
The HUGIN 1000 HUS vehicle, owned by FFI, Kongsberg
Maritime and the Institute of Marine Research (IMR), was
used for the test, operated from FFI’s research vessel H.U.
Sverdrup II. For navigation the AUV is equipped with a Honeywell HG9900 inertial measurement unit (IMU), a Teledyne
RDI WHN 300 DVL, a Paroscientific Digiquartz pressure
sensor and acoustic transponders for HiPAP- (ultra short base
line) and UTP (single underwater transponder) navigation . In
addition it can carry different sets of payload sensors, such
as the EM2000 multibeam echo sounder and the Edgetech
2200 side scan sonar and sub bottom profiler. The planned
trajectory of the run is shown in Fig. 4, together with sea chart
bathymetry of the area. Prior to the test, high resolution bathymetric data from the area was collected from H.U. Sverdrup II,
using its Kongsberg EM710 multibeam echo sounder. These
data were crudely post-processed and used as the basis of a 10
m horizontal resolution gridded DTM (Digital Terrain Model)
to be used by the TerrP system during the test. The terrain in

over tid. Standard punktmassefilter (PMF) ble brukt i TerrP, og det ble vekslet mellom lite grid (±100
m rundt sanntids navigasjonløsning, 5 m oppløsning), mellomstort grid (±200 m, 5 m oppløsning) og
stort grid (±400 m, 5 m oppløsning). Kartgrunnlaget fra EM710 var griddet til et 10 m grid, og det ble
kjørt med absolutt profilmatching i terrengnavigasjonsalgoritmen.

the area is highly varying, including some underwater valleys
with relatively flat bottom topography within the valleys and
steep valley sides. The trajectory was laid out in such a
manner that several different terrain types were covered. At
the same time, the vehicle was programmed to follow long,
relatively straight lines following the same general direction
for a long time, in order to avoid error-canceling in the DVLaided INS, since the main purpose of the test was to investigate
the ability of the TerrP system to sustain a high navigation
accuracy in the overall navigation solution. For a high-quality
aided INS (AINS) on an AUV, i.e. without terrain navigation
updates, the errors in the heading and velocity measurements
integrate to a position error in the order of 0.1–0.2% of traveled
distance, mostly depending on the accuracy of the DVL. The
total duration of this test was 5 hours and 20 minutes. With
an AUV speed of 2 m/s, a navigation drift of 0.1–0.2 %
of traveled distance would correspond to about 20–40 m.
During the test, the surface vessel followed the AUV, providing
acoustic measurements that could be used in order to establish
a high quality navigation reference solution. This reference
solution was calculated using the post-processing tool NavLab,
developed by FFI [17]. The estimated horizontal accuracy of
this reference solution is within 2 m (1σ). Fig. 5 shows the
total sea depth calculated by one of the DVL beams combined
with the INS calculated depth of the vehicle, as well as the
corresponding map depth for the AUV at the reference position
and gives an impression of the terrain in the area.
The test was originally designed for terrain navigation with
the EM2000 multibeam echo sounder, and all the parameters
of the system were therefore tuned in order to meet the characteristics of this sensor. However, due to hardware problems
with the EM2000 during the sea trial, it was decided to run
the test using terrain measurements from the DVL instead. As
the DVL and the EM2000 have quite different characteristics
both in terms of accuracy and in the number of measurements
pr ping, this was expected to yield suboptimal performance of
the system. This was especially true for the integrity system,
which had been thoroughly tuned with respect to the EM2000
prior to the test. On the other hand, running the system with
DVL measurement also gave us the opportunity to test the
robustness and versatility of the system. Many low-cost AUVs
are not equipped with MBEs, and using the DVL for terrain
navigation instead would therefore be favorable.
In order to maintain a reasonable terrain coverage with the
four DVL beams, as well as for vehicle safety, the AUV was
run in altitude mode at 50 m altitude for most of the run.
The navigation system was run with DVL velocity aiding to
the INS for most of the test, except for a period during which
DVL aiding was turned off, in order to trigger high navigation
drift and test the capability of the terrain navigation system to
counter for this.
B. Real-time Results
The performance of the real-time TerrP aided navigation
solution is shown in Fig. 6, which shows the difference between the real-time navigation solution and the post-processed

Figur 1: Mission‐plan for toktet.

Fig. 4. Overview of the test run, as seen in the HUGIN operator station
(HOS) topside.

reference solution, which excludes the terrain navigation updates but includes the HiPAP measurements. The real-time
estimated position standard deviations are shown as dotted
lines. These standard deviations do not include the uncertainty
in the reference solution, which is estimated to be around 2 m
in each direction. The actual navigation error, when compared
to the reference solution, is seen to be fairly consistent with
the uncertainty estimates. The instances at which a TerrP
measurement was accepted in the navigation system are clearly
visible as small jumps in the position, together with a decrease
in the estimated uncertainty, which is most evident in areas
where the estimated uncertainty is high. The overall error
of the TerrP aided INS is within 10 m most of the time,
which is roughly what can be expected using a horizontal
DTM resolution of 10 m. At the end of the run, the horizontal
difference between the reference solution, which utilizes GPS
measurements as the vehicle surfaces, is less than 5 m. In
this manner, the test clearly demonstrates the ability of the
system to counter the drift in the INS. The sudden increase
in estimated uncertainty that is visible shortly after 4 hours
of operation, is the result of turning off the Doppler velocity
aiding to the INS in order to trigger a faster degradation of
the navigation quality. As this was done in a relatively flat
area, in which no terrain navigation updates were accepted, it
led to a high navigation uncertainty and for safety reasons it
was therefore decided to turn the DVL aiding on again, which
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Fig. 6. Difference between real-time and post processed navigation solution
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immediately led to a decrease in the estimated uncertainty.
Shortly after, however, a terrain navigation measurement was
accepted, resulting in a further improvement in the navigation
quality.
Fig. 7 shows the individual converged terrain navigation
solutions, together with the HiPAP measurements, the realtime and post-processed navigation solutions. Because the
integrity system was tuned rather conservatively, in order to
reduce the number of erroneous position updates sent to the
main navigation system, 69 % of the TerrP updates failed
the integrity tests. Fig. 8 shows the updates in an early part
of the run, and it can be seen that a large number of good
measurements were rejected. At the same time, some bad
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A close look at the TerrP updates in an early part of the run.

measurements were accepted. This is not surprising due to
the fact that the integrity system was tuned for the EM2000.
Tuning of the parameters in order to fit the characteristics of
the DVL measurements would therefore probably have led to
better overall performance. On the other hand, it should be
noted that the integrity system actually worked quite well also
for the DVL, and without it, the overall performance would
have been considerably poorer.
Even though the DVL gives only 4 depth measurements
in each ping, the terrain navigation estimates converged rather
quickly. In the TerrP settings, the minimum acceptable number
of pings before convergence was set to 4, i.e. 16 measurements, and most of the accepted TerrP positions had converged
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after 4 or 5 pings. In the cases where more pings were needed
for convergence, the final TerrP position was usually rejected
by the integrity tests. Fig. 9 and Fig. 10 show the contours of
the estimated probability density function (PDF) in the PMF
after 1 and 5 pings, respectively. The density functions have
been reconstructed from the data set in a favorable part of
the run (7000 seconds after start) using the FFI developed
post-processing tool TerrLab [18]. After 1 ping, the estimated
probability density is still bimodal, whereas after 5 pings the
method has clearly converged to a stable estimate.
C. Robustness to Initial Position Errors
A crucial feature in a terrain navigation system is its ability
to recover from a state with a large navigation uncertainty. A

situation where this occurs, is for example when the vehicle
has traveled for a long time without any position updates,
for example due to lack of prior terrain information or low
terrain variations, and then enters a previously mapped area
suitable for terrain navigation. A robust terrain navigation
system should then be able to find the correct position and
reduce the overall navigation uncertainty.
To investigate the behavior of the terrain navigation algorithms with DVL data in this particular terrain, some tests were
run, again using TerrLab, on a sequence of data 7000 seconds
into the run, in an area favorable for terrain navigation. The
PMF was started with a 2-dimensional Gaussian prior PDF
with a standard deviation of 100 meters in each direction. In a
series of otherwise identical PMF runs, initial errors of 0, 10,
50 and 100 meters were added to the real-time INS position,
and the resulting deviations from the reference solution were
compared. The search area used in the PMF was ±300 m in
each horizontal direction. The results are shown in Fig. 11.
Although in all of the cases the correct position to within
the map resolution is found eventually, the convergence time
varies. With an initial error of 100 m, i.e. 1σ in the initial
PDF, it takes more than two minutes until convergence. In
the other cases, the effect on the convergence time is more
modest. As the estimated uncertainty in the PMF covariance
matrix is able to reflect the slow convergence time, it can be
argued that this simple test shows acceptable robustness to
errors in the initial position estimate. This is in accordance
with previous tests done on HUGIN data, i.e. those reported
in [16]. However, more extensive tests are needed to draw
any definitive conclusions regarding the robustness when DVL
depth measurements are used.
D. Sensor and Map Analysis
To test the quality and consistence of the depth data from
the DVL and the map data, a simple analysis was done,
comparing the depth data obtained from the DVL with the map
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This paper has dealt with data from a real-time terrain
navigation test from a HUGIN 1000 AUV. The test was
performed in varied terrain, including flat bottom valleys and
steep valley sides, using a high quality prior map database.
A Teledyne RDI 300 kHz Doppler velocity log was used as
terrain measuring sensor. During the test, the vehicle navigated
for more than 5 hours without any other external position
updates to the inertial navigation system than those from the
terrain navigation system. At the end of the run, the horizontal
position error was less than 5 meters, when compared to a
reference solution using acoustic positioning methods. This
test demonstrates the ability of the terrain navigation system to
obtain high submerged navigation accuracy, even with a lowcost terrain measuring sensors. The data set was also tested
offline, and it was found that the algorithms were robust to
large initial position uncertainties, but that the convergence
time was affected. A simple analysis of the DVL terrain data
and the map database revealed some deviations and a depth
bias. We were able to reduce the magnitude of the depth bias
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Fig. 12. Difference between map depth corresponding to the AUV being at
the reference position and raw measured depth from DVL beam 4.

Difference [m]

data at the corresponding position in the reference solution.
Fig. 12 shows the difference between the map and the total
sea depth obtained from DVL beam no. 4 in combination
with the vehicle depth from the real-time INS. The figure
illustrates that the DVL measurements are quite noisy, and
deviations of more than 15 meters occur in extreme cases.
The reason for this is likely to be errors in the bottom tracking
algorithm of the DVL. When the vehicle has high pitch angles,
or the bottom slope is steep, the bottom tracking is known
to be difficult. The DVL is specified to work with pitch
angles less than 20 degrees. In some extreme cases the AUV
pitch angle exceeded this limit. These extreme deviations are
currently being investigated further. There also seems to be a
bias present. The mean difference between the map and the
measured depth lies around 70 cm for all the beams, with a
standard deviation of approximately 75 cm.
To try to reduce the difference between the map and sensor
measurements, the measurements were compensated, using
ray tracing with a sound velocity profile computed from
CTD measurements taken from the surface ship, together with
tide compensation, pressure to depth conversion and sensor
alignment. The resulting difference between the compensated
measurements and the map are shown in Fig. 13. After the
compensation, there is still a bias of around 40 cm present in
all beams. The likely causes of this depth bias are:
• Lack of accurate tide compensation of the map data
• DVL edge detection vs. centre of gravity in the EM710
• Different penetration depths for the DVL and EM710
The source of the bias should be investigated further in
future research. However, this considerable gain in data quality
in the compensated data set, illustrates that there is a lot to
gain by using accurate sound velocity profiles, tide data and
advanced pressure-to-depth algorithms. If this was done in
the TerrP system online, a considerably improved navigation
accuracy should be expected.

0

2000

4000

6000

8000 10000 12000 14000 16000 18000
Time [s]

Fig. 13. Difference between map depth corresponding to the AUV being
at the reference position and measured depth from DVL beam 4 after
compensation.

by post-processing. Future research should further address this
bias, as well as fine-tuning the system for use with DVL
measurements.
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