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ABSTRACT

Paper proposes a simultaneous localisation and mapping (SLAM) scheme which is applicable to small military
unmanned underwater vehicles (UUVs). The SLAM is a process which enables concurrent estimation of the position
of UUV and landmarks in the environment through which the vehicle is passing. An unscented Kalman filter
(UKF) is utilised to develop a SLAM suitable to nonlinear motion of UUV. A range sonar is used as a sensor to
collect the relative position information of the landmark in the environment in which the UUV is navigating. The
proposed SLAM scheme was validated through towing tank experiments about two degrees of freedom motion
with UUV motion simulator and real range sonar system for small UUV. The results of these experiments showed
that proposed SLAM scheme is capable of estimating the position of the UUV and the surrounding objects under

real underwater environment.
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1. INTRODUCTION

Autonomy of an unmanned underwater vehicle (UUV)
allows the UUVs to be used in the many missions in military
area'. A precise navigation system of UUV is mandatory for
mission success, because navigational error affects the quality
of recorded data during the mission and the recovery of UUV.
Inertial navigation system (INS), which is composed of the
inertial measure unit (IMU) and auxiliary sensor such as Doppler
velocity log (DVL) to prevent the growth of the navigational
drift from IMU? has been widely used as navigation system of
UUV for a long time. However, since navigational error is still
accumulate, as mission time increases even if using DVL, it is
necessary to reset the navigational drift by determining UUV’s
position to external reference point®. The reset can usually be
done by resurfacing for GPS, but this can be impossible if the
mission of UUV is covert. One of the alternatives for resetting
the drift is simultaneous localisation and mapping (SLAM)
because SLAM can deduce the position of UUV from the map
of underwater environment which is built up simultaneously
during the mission*. Although any Bayesian estimation theory
can be used in SLAM, many researches apply Kalman filter and
its variations to SLAM?>* because of low computational burden
and optimality under Gaussian assumption. When the dynamics
system is nonlinear, extended Kalman filter (EKF) can be used
by using first Taylor series to approximate nonlinear system
under assumption that system is locally linear. However, if
dynamic system is highly nonlinear as like a lawn mowing
motion of UUV in the mine countermeasure (MCM) mission,
EKF can be unstable by broken locally linear assumption while
unscented Kalman filter can be consistent through statistical

linearisation instead of analytical linearisation”®,

The aim of this work is to implement the suitable SLAM
into small UUV for MCM and other military missions. Thus
SLAM in this work adopted UKF as an estimation method
and range sonar system as a sensory system considering the
nonlinear motion and payload of small UUV. The proposed
SLAM was verified through experiments under towing tank
conditions and the experimental results are presented.

2. SIMULTANEOUS LOCALISATION AND

MAPPING FORMULATION

The SLAM in this work is composed of 3 steps that are:
state estimation, data association, and map management. The
position of UUV and landmark is estimated simultaneously
in the state estimation step. The decision about changing the
system state by adding newly detected objects and deleting not
detected landmark from system state is performed through data
association step. Map management step manages the size of
system state vector for efficient computation.

2.1 State Estimation

If the UUV is assumed to move in three degrees of
freedom in the ocean with multiple objects located adjacent to
where the vehicle is operating, the state of the vehicle can be
written as:

Xv:[xv Y 2y Wy ev VV]T (1)

where X,,Y,,2, denote the positions in 3-D space; V.0,
denote the heading and pitch angle; and V, denotes the total
velocity. The state of M objects acquired by the sensor equipped
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with UUV are given by their positions:
Xo = [Xol Yor  Zoi
Since system state vector in SLAM is defined as the

combination of a vehicle state and an object’s state, the system
state vector in authors work is as follows:

x=[xI xT

X x| )

The motion of UUV is modelled with second kinematics

model by a constant velocity with white noise acceleration’. The
discrete time state equation at time k and k+1 with sampling
time AT is described as:
X, (k+1) =x,(k)+V, cos(y, +r)cos(8, +0q) AT +q, (k)
Yy (K+1) =y, (K)+V, sin(y, +r)cos(9, +q) AT +q, (k)
z,(k+1)=z,(k)+V, sin(0, +q) AT +q, (k)
vy (kK+1) =y, (K)+r+q, (k)
0, (k+1)=8,(k)+q+0gy(k)
Vo (k+1) =V, (k) + g, (k)
Xo (K+1) =X, (k) 4)
where Gy (k), d,(k), d,(k), g, (k), go(k), d, (k) are the

process noise.

The range sonar system with four channels is considered
as a sensor system for taking a measurement of the relative
location between landmark and UUV. Figure 1 shows the
concepts of measurement model.

The measurement model for four channel range sonar
system at time k+1 is described as:

T
XoM yoM ZoM ] (2)

z,(k+1) w,(k+1)

_ z,(k+1) w,(k+1)
2(k+D= z,(k+1) w(k+1)
z,(k+1) w,(k+1)

(%)

The subscript in Eqn (5) denotes the corresponding
direction in the range sonar system as shown in Fig. 1. The
measurement model for single objects detected by i range
sonar at time k+1 is described as:

(k+1)
zik+D) =] a;(k+D | +w;k+D)=h;(x(k+1)+w;(k+1)
Bi(k+1) (6)

where W; (K +1) represents the measurement noises of the sonar,
which are assumed to have a zero mean while Gaussian noise
with the covariance dependent on the sonar specifications. Z;
is composed of range I (K+1), angle rotated from z axis in
a;(k+1), and angle rotated from y axis in P;(K+1) in the
Fig. 1. The h.(k +1) in Eqn (6) can be described as a function
of the UUV state and objects state as:

\/{(xv(k 1)~ Xy (K4 1)+ (y, (K +1)—J

Yom (k + 1))2 + (Zv (k + 1) ~Zom (k + 1))2

yv(k +1)_ yom(k +1) —y

Xv(k+1)_xom(k+l) '

z,(kK+D)—z,,(k+1)

X, (K +1)— %, (k +1) B

- -
Unscented Kalman filter estimates the system state described

in Eqn (3) using Eqns (4) ~ (7). The UKF follows the process

of Kalman filter to estimate using the sigma points and the

unscented transform. The detailed process of UKF is found in
reference’.

arctan

h; (x(k +1)) =

arctan

2.2 Data Association and Map Management

Even though data association and map management are
important problem in SLAM, the established methods about
data association and map management were used in this
work because purpose of this work is implementation of the
SLAM into small military UUVs. In data association step, the

».90

Figure 1. Coordinate system and measurement concept.
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detection of new object determines the nearest neighbourhood
standard filter (NNSF)°. Measurements that do not correspond
to existing objects through NNSF are considered as new
objects, and a new object is added to the existing system state
vector and covariance matrix using the stochastic map. As a
number of newly detected objects are added, size of system
state vector and its covariance matrix increases and the
computational burden grows. In this work, the local submap
method!’ is considered as map management method and divided
the environment in which the UUV is navigating into several
local submaps with the full covariance method to estimate the
positions of the UUV and landmark in a single submap.

3. TOWING TANK EXPERIMENT WITH UUV

MOTION SIMULATOR

Several experiments under towing tank conditions with a
length of 120 m, breadth of 8§ m, and depth of 3.5 m using an
instrument (Fig. 2) to simulate two degrees of freedom motion
and real range sonar system for small UUV (Fig. 2(b)) are
carried out for the verification of proposed method.

Specifications of the range sonar system are summarised
in Table 1 and experimental conditions are shown in Table 2.
Two cylindrical and two cubic shaped steel objects were placed
as a discrete landmark in towing tank for the verification of
data association function.

Experimental results of mapping of wall of the tank and
localising of UUV are presented in Fig. 3(a) and the comparisons
between locations were found with proposed method. The real
location of UUV is shown in Fig. 3(b). Comparing the position
of the mapped wall shown in Fig. 3(a) and the towing tank
dimension, it is clearly shown that proposed method can map
detected objects properly. The data in Fig. 3 (b) show that the
proposed method can accurately localise the UUV position
under two degrees of freedom motion.

Figure 4 presented location error and one wall position
mapping error about the y-axis for experimental results.
Since a mapping error is influenced by localisation error
from characteristics of SLAM, the positive localisation error
induces the positive mapping error for velocity 0.1 m/s and
the negative localisation error does the negative mapping error
for 0.3 m/s as shown in Fig. 4. The location and mapping error
in Fig. 4 can be increased as heading measurement increase
even if heading error is small because of the combination of
heading and velocity in Eqn (4). From the RMSEs in Table
3 and the fact that errors in Fig. 4 were not diverging, it is

Table 1. Details of the range sonar system.

Item Specifications

Operating Frequency 520 — 550 kHz

Power SW

Input voltage 35V

Sampling time Is

Filter Analog band pass with center
frequency 550 kHz and bandwidth
50 kHz

Table 2. Conditions for the two degrees of freedom motion

experiment.
Conditions Value
Sampling rate 1 Hz
Velocity 0.1, 0.3 m/s
Number of channels 3
Operation time 120 s
Change of heading -20 ~20°
Range of submap 1.5m

(b)

Figure 2. (@) Instrument setup which is composed of DC motor, LM guide, control device of motor and rotating arm for the experimental
simulation of two degrees of freedom UUV motion, surge, and yaw. (b) Blow-up of the rotating arm; the straight arrow
represents the carriage motion direction and the curved arrow represents the yaw motion of the arm. Three transducers

for range sonar were attached at the end of rotating arm.
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Figure. 3. (a) Experiment results when the vehicle velocities are 0.1 m/s and 0.3 m/s when yaw
changes between -20° and 20° and (b) Comparison between true UUV position and
estimated UUV position.

Localization error when velociy: 0.1 m/s, y: -20-20 ° Localization error when velociy: 0.3 m/s, y: -20-20
0.08 N v . ' . N . . . '
004}
01 ]
[
T o -_—““—\ g oo g
& o M |
S S
; V : j dm -
B oo = e ‘J\
0.06 J
0.05 |
008
01 . L L . L 01 . L L . L
0 20 a0 B0 80 100 120 ] 20 40 60 80 100 120
time (sec) time (sec) (a)
Mapping error when velociy: 0.1 m/s, y: -20~20 ° Mapping error when velociy: 0.3 m/s, y: -20~20 ©
015 T T T T T 05 N v T T T
01 0.4
0.05 03
E o E ozt
= 1)
s H
E -0.05 E 01 k
0.1 0 —#—-«—-—v—».ﬂ \ \V-.\JJ‘L
-0.15 i el i EHN
02 i L i L L 07 i L i L |
1] 20 40 B0 80 100 120 0 20 40 (1] B8O 100 12C
time (sec) time (sec) (b)

Figure 4. Localisation and mapping errors about results in Fig 3. (a) UUV localisation error, and
(b) Wall of tank mapping error.
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Table 3. Root mean square error of localisation and

mapping.
. RMSE
Velocity . -
Localisation Mapping
0.1 m/s 0.008 0.020
0.3 m/s 0.017 0.035

shown that proposed method can be implemented in the system
to map the wall of tank and localise the real UUV position
and be expected to provide the reference position for resetting
navigational drift.

4. CONCULSION

Paper presents a SLAM method which is suitable for a
small military UUV. The proposed method adopts an unscented
Kalman filter in estimation step for a nonlinear motion
model of UUV, the nearest neighbourhood standard filter in
data association step and the local submap method in map
management step. The proposed method was tested through
the towing tank experiments. Experiment results presents that
the proposed method can map the wall of tank and locate the
position of UUV under two degrees of freedom motion wrt
the estimation function for nonlinear motion and real time
calculation capability. Future works will validate the capability
of proposed SLAM through experiments with real UUV under
three degrees of freedom motion.
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