Terrain Aided Underwater Navigation Using
Pockmarks
Kjetil Bergh Ånonsen and Ove Kent Hagen
Norwegian Defence Research Establishment
Kjeller, Norway
Email: kjetil-bergh.anonsen@ffi.no

Abstract— Terrain aided navigation techniques are attractive
for obtaining submerged position fixes for an underwater vehicle.
However, their use is dependent on a certain degree of variation in
the terrain. This paper investigates the performance of terrain
navigation algorithms in an area with pockmarks, i.e. craters
in the sea bed formed by expulsion of gas or water from the
sediments. Real terrain data from an area with pockmarks are
used, whereas simulated vehicle and multibeam echo sounder
measurements are used to investigate the behavior of the terrain
navigation techniques in the area. The simulations indicate that
this type of terrain is suitable for terrain aided navigation. The
pockmarks also seem to be sufficiently different to provide unique
fixes. As pockmarks often occur in flat terrain, traditionally
thought of as not suited for terrain navigation, the use of
pockmarks facilities terrain navigation in a number of new
applications.

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. A multibeam echo
sounder (MBE) is used for bathymetric measurements. MBEs
are very well suited for terrain-based navigation, as a large
area below the vehicle is covered by the sensor.
Terrain-based navigation has been used for decades in
aircraft and cruise missiles [2], [3], but for underwater vehicles
the technique is rather new, though some papers have been
published over the last few years [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].
There are two important prerequisites for terrain-based
underwater navigation. First, a prior map database of the
area must exist and be available for the vehicle. Second, the
terrain must have some degree of depth variations in order for
the methods to obtain a good fix. In flat areas, terrain-based
navigation methods will not work. This papers focuses on
terrain-based navigation in areas with pockmarks, i.e. craters
on the sea floor resulting from the release of gas or liquid.
Pockmarks of various sizes, ranging from a few meters to
several hundred meters in diameter, occur worldwide. Since
pockmarks often occur in areas where the sea floor is otherwise
relatively flat, utilization of pockmarks for terrain-navigation
purposes would facilitate terrain navigation in areas where it
would otherwise not be suited.
The outline of the paper is as follows. In Section II the
principles and methods for terrain navigation are presented.
Then the behavior of terrain navigation in simulations using
real depth data from an area with pockmarks is presented in
Section III, before some conclusions and suggestions for future
work are outlined in Section IV.
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 by a pressure sensor, 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 pressureto 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 this paper, the
main purpose is to demonstrate terrain navigation performance
in pockmark areas. For simplicity we have therefore chosen to
use 2-dimensional estimation algorithms only, assuming that
the depth bias has been properly compensated for. We focus

on the Bayesian terrain navigation methods, since these have
proven to have superior performance in earlier work [5], [7].

We consider the following model for the motion of our
AUV,
xk+1 = xk + uk + vk0 + vk ,

(1)

0

0
vk+1
= g(vk ) + vk00 ,

(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). In order 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 ,
=
=
zk =

(9)

= Rk δkl ,

(10)

E{wk∗ wl∗T }

A. System Model

δx∗k+1

E{vk∗ vl∗T } = Qk δkl ,

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

with the assumptions

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 } = 0,

(15)

= 0,

(16)

E{wk∗ x∗T
0 }

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 [8].
C. The Recursive Bayesian Filter Equations
Let Zk be the augmented measurement vector consisting of
all the measurements up to time step k. From Bayes’ formula
(see e.g. [9]) and our filter model, (6)-(8), we have
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 ) =

(6)

R2

uk
(7)
(8)

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

III. C OMPUTATIONAL R ESULTS
α=

Z

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

(19)

R2

The minimum square error (MMSE) estimate is then given by,
see [9],

δx̂k =

E{δx∗k |Zk }

=

Z

δx∗k p(δx∗k |Zk )dδx∗k ,

(20)

R2

with the estimated covariance matrix

P̂k =

Z

(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.
D. Point Mass and Particle Filters
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 this section we present computational results using bathymetric data from an area outside the Norwegian west coast.
The bathymetric data were collected by a surface vessel using
a Kongsberg Maritime EM710 multibeam echo sounder, postprocessed and converted into a grid format suitable for terrain
navigation. A 3D plot of the terrain in the area is shown in
Fig. 1. Pockmarks are craters on the sea floor, resulting from
the release of gas or liquid. The pockmarks in this area vary in
size, with diameters from about 50 to 200 meters. The depth
of the craters are typically from 3 to 10 meters. The total sea
depth in the area is about 300 meters.
AUV navigation data and vehicle multibeam echo sounder
data were simulated in a number of different scenarios, to
investigate the performance of terrain navigation in the area.
The post-processed EM710 data were chosen as the “true”
terrain, and a new map to be used as the terrain navigation map
database was created adding white noise to the depth nodes in
the true terrain map. This was done in order to emulate a true
situation, in which the surveyed terrain map used by the terrain
navigation methods is imperfect and includes noise from the
survey sensor. The horizontal grid resolution of the depth map
was 10 meters. AUVs are typically equipped with MBEs of
different types than survey vessels. For example, the HUGIN
AUV family [10] is typically equipped with MBEs like the
EM3000 or EM2000. The simulated vehicle MBE data in this
paper use typical noise parameters from the EM3000 300 kHz
MBE. The measurements consist of the vertical distance from
the AUV to the MBE footprint, taken from the “true” terrain
data, plus measurement noise. Navigation parameters used in
the simulations are based on typical HUGIN 1000 parameters.
In a real-time situation the terrain navigation algorithms are
typically started and run recursively, i.e. increasingly more
terrain information is utilized, until a good fix is obtained.
When the estimate uncertainty reaches below a certain predefined limit, the fix is used as a position update to the inertial
navigation system. In the following the performance of terrain
navigation in two different scenarios are presented.
Both the PMF and several variants of the PF were used as
terrain navigation algorithms. The terrain navigation solutions
from both methods were very similar and nearly identical in
most cases. The PMF showed a slightly more robust behavior,
and in the following we have decided to concentrate on the
results from this algorithm. Unless otherwise stated, the results
presented are based on the posterior mean, i.e. the MMSE
estimate.
A. Scenario 1
In this scenario, the vehicle travels from a flat area and
directly over a pockmark, with a speed of 2 m/s (≈ 4 knots).
The depth variation of the pockmark directly underneath the
vehicle is about 3 meters. The total duration of the trajectory
is approximately 210 seconds, corresponding to a traveled
distance of about 400 m, and the AUV altitude is 30 meters.
The trajectory in the map is shown in Fig. 2.
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Overview of the area with pockmarks.
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B. Scenario 2
In this scenario, the vehicle passes two pockmarks. The
first pockmark is rather deep, with a depth variation of 8–9
meters. The second pockmark is smaller; the depth variation
directly underneath the vehicle is 1–2 meters. The vehicle
does not pass directly over the deepest part of this pockmark,
but the MBE swath covers the entire pockmark. Between the
two pockmarks, the sea floor is relatively flat, as can be seen
in Fig. 9. Like in the first scenario, an error of 100 meters
in each direction was added to the position of the inertial
navigation system. The same parameters as before were used
for the initial probability density, search grid and PMF noise
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Fig. 2. Trajectory of scenario 1. The direction of travel is from left to right
in the figure.
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The PMF was initialized with an initial error of 100 meters
in the north and east direction, respectively. This was done
in order to test the ability of the terrain navigation system
to identify a large error in the navigation system. A standard
deviation of 500 meters in each direction was used in the
initial probability density function, together with a search area
of ±3σ (±1500 m) around the initial position and a fixed grid
resolution of 5 meters.
The terrain navigation results from the PMF in this scenario
are shown in Figs. 3 and 4. Fig. 3 shows the estimated
north and east position offset from the inertial navigation
system, together with their estimated standard deviations. The
standard deviations have been plotted around the true offset
at [−100 m, −100 m]. Fig. 4 shows the total horizontal error
of the terrain navigation position estimate from the PMF. The
total sea depth directly beneath the vehicle is shown in Fig.
5. The results clearly shows how the terrain variations around
the pockmark can be utilized by the terrain navigation system.
In the beginning of the scenario, where the terrain is flat, the
terrain navigation estimate has a high uncertainty, with errors
from 50 to 350 meters. It should be noted, however, that this
uncertainty is reflected in the estimated standard deviation.
As can be seen in Fig. 3, the estimated offsets stay within
the 1σ band. In the flat area, the estimated probability density
function is actually multimodal. As soon as the vehicle travels
above the pockmark, this changes dramatically, and the terrain
navigation system quickly finds the correct position. This is
also reflected in the estimated uncertainty. It should be noted
that even though there are several similar pockmarks within
the search area, the algorithm finds the correct one.

400
300
200
100
0
-100
-200
-300
-400
-500
-600

0

20

40

60

80

120
100
t [s]

140

160

180

200

0

20

40

60

80

120
100
t [s]

140

160

180

200

600
400
200
0
-200
-400
-600
-800

Fig. 3. Estimated north and east offset from PDF (solid line) and estimated
uncertainty plotted around true offset (dash-dot), scenario 1. The true offset is
[−100 m, −100 m]. The PMF was initialized with an initial standard deviation
of 500 meters in each direction.

parameters.
The terrain navigation results from the PMF in this scenario
are shown in Figs. 7 and 8. The terrain navigation position
estimate has a large error in the start of the scenario, but as
soon as the first pockmark is reached, the correct position
is found. Between the two pockmarks, the terrain is less
informative, and in this area the estimated offset does not
change much. There is a slight increase in the estimated
uncertainty of the terrain navigation solution in this area, due
to the drift modeled in the process model of the PMF. When
the vehicle reaches the second pockmark, a small decrease
can be observed, both in the actual error and in the estimated
uncertainty.
Again, the terrain navigation system was able to locate
the correct pockmark, even though several pockmarks of
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approximately the same size were present in the search area.
This appeared to be typical for all of the simulations that
were done in this particular terrain. Even though the shapes
of the pockmarks are similar, they seem to contain enough
information to provide a unique match in the terrain navigation
methods.
IV. C ONCLUSIONS
The simulations presented in this paper indicate that terrain
with pockmarks are suited for underwater terrain navigation
using MBEs. In both the scenarios presented here, the terrain
navigation system was able to estimate the correct position
of the vehicle within an accuracy comparable to that of the
horizontal resolution of the depth map, 10 meters in this case.
The presented results were from the PMF algorithm, but nearly
identical results have been obtained from particle filtering
methods. In the terrain used in this paper, the pockmarks
seem to be sufficiently different for the terrain navigation
methods to obtain a unique match. However, when used in
a real system, care should be taken in the case of multimodal

Fig. 7. Estimated north and east offset from PDF (solid line) and estimated
uncertainty plotted around true offset (dash-dot), scenario 2. The true offset is
[−100 m, −100 m]. The PMF was initialized with an initial standard deviation
of 500 meters in each direction.

estimated probability density functions. If possible, the terrain
navigation solution should not be used until a unimodal density
is obtained. If problems with multimodal densities occur, it
would be advantageous to include several pockmarks in the
measured terrain profile, such that the relative locations of the
pockmarks are used, together with the shapes of the individual
pockmarks.
The use of pockmarks for underwater terrain navigation
facilitates the use of this navigation technique in new areas.
As pockmarks often occur in areas with relatively flat terrain, where terrain navigation would otherwise be difficult,
pockmark utilization extends the application possibilities of
terrain navigation considerably. Pockmarks can also be utilized
when planning an operation. If an area is known to contain
pockmarks, it could be included in the path plan in order to
obtain position fixes in this area.

600

correctly determining which of the observed features correspond to the same physical object.
To further investigate the possibilities of pockmark terrain
navigation, the concept must be further tested on real AUV
data. A real-time terrain navigation system for the HUGIN
AUVs has recently been developed and tested in sea trials
with FFI’s HUGIN 1000 HUS vehicle. Its behavior in an area
with pockmarks will be tested in the near future.
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In areas with modest terrain variations but where distinct
features are present, feature-based navigation methods have
traditionally been thought of as the only option. Using traditional bathymetric terrain navigation instead may in some
cases eliminate some of the problems related to feature-based
navigation, e.g. the data association problem, the problem of

