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Figure 2: Controls.

3. Conclusions
In addition to the classical LQ control strategy, a new approach based 
on controllability theory has been implemented for the automatic 
simulation of a depth change manoeuverability for an SSK subma-
rine. The main diff erences between both methodologies follow: 
(1) The controls obtained from the LQ controller appear in a feedback 
form. So, from a practical point of view it is necessary to complete the 
control system with a suitable Kalman fi lter to correct the data of the 
state provided by the sensors of the submarine. For the contrary, the 
controls obtained from the controllability theory do not require the 
use of those.

(2) No constraints on the controls are imposed in the controllability 
strategy. This may lead in some cases, for instance for short times, to 
some unrealistic results with sharp changes of controls and states. 
With the LQ controller, these sharp changes may be corrected by 
using appropriate weights in the associated cost. This, however, re-
quires a postprocessing work. 

(3) Concerning the accuracy of reaching the fi nal state, it is evident 
that the best strategy is controllability theory (see Figure 1). Never-
theless, the LQ controller can be also designed to improve this prop-
erty by choosing an appropriate cost functional.
(4) As for the optimality of controls, we notice that the controls ob-
tained from the controllability theory are optimal in the     L2 (0,T; ) 
norm (see Figure 2).

As indicated in the abstract, the present work is only a preliminary 
study on this topic. Many interesting open questions could be ana-
lyzed. 
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1. Introduction
The possibility of having truly autonomous vehicles heavily depends 
on their ability to build accurate models or maps of the environments 
they traverse, and to know their location in them. This has made this 
problem, known as Simultaneous Localization and Mapping (SLAM), 
the focus of a great deal of attention in recent years [1-2]. Multiple 
techniques had shown promising results in a variety of diff erent ap-
plications and scenarios. Some of them perform SLAM indoor, out-
door, on land and even on air. However, the underwater environment 
is still one of the most challenging scenarios for SLAM because of the 
reduced sensorial possibilities. Acoustic devices are the most com-
mon choice while the use of cameras and laser sensors is limited to 
applications where the vehicle navigates very near to the seafl oor. 
Another important issue is the diffi  culty to fi nd reliable features. 
There are approaches using clusters of acoustic data as features [3-4], 
or merging visual and acoustic information in order to improve the 
reliability [5], while other strategies simply introduce artifi cial bea-
cons to deal with complex environments [6].

This article focuses on underwater SLAM applied to some particu-
lar manmade environments (harbours, marinas, marine platforms, 
dams, etc.) were structured elements are present and can be used to 
produce reliable features. Although most of the previous work done 

on this fi eld focuses on open sea and coastal applications, obtaining 
an accurate positioning in such scenarios would notably increment 
AUVs capabilities. Monitoring, inspection and surveillance of under-
water structures are some examples of applications that can benefi t 
from such a system.

2. Feature extraction from acoustic images
The algorithm presented in this paper relays in a mechanically 
scanned imaging sonar (MSIS) to obtain the features that will conform 
the map. Although these mechanically actuated devices usually have 
a low scanning rate they are quite popular because of their low cost. 
This work propose the use of line features in underwater environment 
as a representation of the cross sections produced when a sonar scan 
intersects with existing planar structures (see Figure 1). Using this 
kind of sonar presents some diffi  culties. First, due to the low scanning 
rate it is necessary to merge information from dead-reckoning sen-
sors in order to reduce the eff ects of movement-induced distortion 
in the resulting data. Second, these devices do not produce instan-
taneous acoustic snapshots of the surroundings but a constant con-
tinuous datafl ow. Therefore, the feature extraction algorithm should 
be able to deal with this continuous stream of data while detecting 
the line features as soon as they appear. Our approach consists on an 
adapted version of the Hough transform [7]. This algorithm accumu-
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lates the information from the sensor data into a voting table which 
is a parameterized representation of all the possible feature locations. 
Those features that receive a great number of votes are the ones with 
a relevant set of compatible sensor measurements and thus the ones 
that most likely correspond to a real object in the environment. In 
our application, a data buff er storing the most recent high intensity 
returns from the sonar is used to vote in the Hough space whenever a 
new reading arrives. When a line feature receives a suffi  cient number 
of votes it is detected. Then, its uncertainty is estimated by analyzing 
the acoustic imprint left by the detected object. 

3. SLAM algorithm
The classical stochastic map approach has been chosen to imple-
ment the SLAM algorithm [8].  An extended Kalman fi lter (EKF) with 
a constant velocity kinematics model is used to estimate the vehicle 
pose and retain the estimates of the previously observed features in 
order to build a map. The information from a Doppler velocity log 
(DVL) and a compass improve the estimate of the vehicle movement. 
The acoustic data from a MSIS together with the actual estimate of 
the position of the vehicle are the inputs of the feature extraction 
algorithm which runs simultaneously to the SLAM algorithm. When 
a line feature is extracted from the current acoustic data, it is initial-
ized in the stochastic map. An individual compatibility nearest neigh-
bour (ICNN) test is applied in order to determine possible pairings 
between the new feature and these previously in the map. If the com-
patibility test is negative, the feature is not associated and therefore, 
it is initialized as a new feature. If it is positive, the information from 
the observed feature is merged with the feature in the map and thus, 
the whole state is updated.

Figure 1. Acoustic Image generated from a 360º scan sector (left). 
Real environment where the sonar data were gathered (right).

4. Experimental results
In order to test the reliability of the proposed algorithm we carried 
out an extensive experiment on a abandoned marina in the Costa 
Brava (Spain). The ICTINEUAUV gathered a data set along a 600 m 
operated trajectory which included a small loop around the princi-
pal water tank and a 200 m straight path through an outgoing canal.  
Figure. 2 shows the resulting map and trajectories for the experiment 
represented layered with a satellite image for a better interpretation 
of the scene. As it can be seen, the dead-reckoning trajectory suff ers 
from an appreciable drift (even causing it to go outside the canal). 

Figure 2. The resulting map 

5. Conclusions
An algorithm to perform SLAM in partially structured underwater en-
vironments has been presented. The main contributions of this work 
include a feature extraction method capable of working with the 
continuous stream of data from the MSIS while dealing with the dis-
tortions induced by the vehicle movement in the acoustic images, a 
method for estimating their uncertainty, and the application domain. 
Experimental results support the viability of the proposal.
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On the other hand, the SLAM-estimated trajectory is much better 
and corrects this defect. The set of line features from the obtained 
map matches almost perfectly with the real position of the marina 
boundaries. Comparing the result with the GPS track the similarity of 
the two trajectories is evident. 
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