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Robotic swarms and specifically schools of semi-autonomous underwater vehicles are becoming more and more of a
reality. An essential feature required in most such systems is an efficient and precise relative localisation system. Specific,
common requirements include posture estimations of multiple neighbours, controllable sensing ranges, as well as high

robustness and accuracy.

The presented system is based on acoustically transmitted MLS (Maximum Length Sequence) -signals. Multiple receivers
allow for precise azimuth and range measurements, while multiple transponders additionally allow for complete posture
estimations of neighbouring vehicles. The short baselines (< 200mm) given by the dimensions of the vehicles in the
swarm make sub-sample interpolations in the post-cross-correlation phase necessary. Furthermore the deployment of low
cost transducers and hydrophones in a broadband signal setup requires specific filtering methods.

For the experimental setup as depicted in detail in the article, a mean error [ in the bearing (azimuth) estimation 0 is
less than 0.3° throughout all experiments, while the mean error L4 in the heading estimation ¢ of a neighbouring vehicle
is always less than 5.0°. Experiments have been performed in many configurations in a inter-vehicle distance of up to Sm,
while the mean range error (L, remains well below 10 mm. All experiments have been performed in sweet water.

1. Introduction

Enhanced, embodied autonomy in small submersibles enables
the design and deployment of practical swarms of autonomous
underwater vehicles (AUVs). The swarming paradigm requires
for each vehicle location awareness of at least its near neigh-
bours. The Serafina AUV swarming project [9, 11] addition-
ally requires a localisation system which could cope with the
dynamic and fast changing vehicle configurations while being
small, reliable, robust, and energy efficient and not dependent
on previously deployed acoustic beacons.

The short-range acoustical relative localisation system proposed
here, uses hyperbolic and spherical localization concepts and
provides each vehicles with the azimuth, range and heading
of its near neighbours. The implementation utilises an acous-
tically transmitted MLS-signal which provides extremely high
robustness against interference by stochastic and systematic dis-
turbances which are typical for underwater environments. The
azimuth is obtained via hyperbolic positioning with improved
resolution and accuracy with respect to conventional methods.
Range estimation uses the implicit synchronisation provided by
the underlying inter-vehicle communication scheduling system
[9, 10] to measure the difference of time of arrivals (TOAs) of an
acoustic and a long-wave radio signal. The heading estimation
uses the intermediate sub-azimuths and sub-ranges produced by
the azimuth and range estimation schemes mentioned above.

2. Technical description of the system

As it was introduced in [6] and [7] an MLS signal is transmit-
ted acoustically from the bow and stern projectors of the sender
AUV in sequence and the observer AUVs receive this signals
on pairs of hydrophones. Figure 2 shows the configuration of
projectors and hydrophones on a Serafina AUV hull.

The sending of the MLS signals are synchronised with the sched-
uling scheme used by the underlying longwave radio communi-
cation system explained in [10] and [9] which guarantees that
there is only one sending event in a given local neighbourhood.
Each of these ‘sending events’ corresponding to a time-step in
the sending schedule consists of two MLS chirps, one emitted
from the bow projector, the other from the stern projector. This
results in two pairs of signal channels being received by each
observer vehicle per sending event.

Fig. 1: Prototypes of Serafina MkII AUVs

2.1. Azimuth estimation

Each of the two received signal channel pairs are cross-corre-
lated and the position of the peak in the cross-correlogram is
found using a local maxima search centred around the position
of the peak in the previous estimation step. This process is boot-
strapped by initially using the position of the absolute maximum
peak position. By limiting the local maxima search neighbour-
hood (peak tracking), it was possible to avoid outliers caused by
interference and reflected signals as explained in detail in [8].
The peak position found in this manner is further refined using
a cubic spline interpolation scheme which provides sub-sample
resolution for the position estimate.

If the sample-domain relative delays between the two cross-cor-
related channels corresponding to the two chirps are T; and T3,
they are related to the acoustic path length differences 8, and &,
(between the two hydrophones) as:

8 =5%i=12 (1)

where v is the speed of sound in water and fs is the sampling
frequency of the analogue to digital converter.
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Fig. 2: Transducer configuration on a Serafina hull.

The angles of arrival for the two signals originating at the two
ends of the sender AUV (Figure 3) is calculated as follows:

B —tan (“E 0 i =10 ®)

The corresponding sub-azimuths 0; and 6, are obtained using
the following:

91' - [ﬁ, _900]adj,i - 1,2 (3)

with the adjustment function defined as:

], — [ 180° <x = 180°
“ sgn (x) (x| —360°), otherwise (4)

The main azimuth 0 is calculated as the average between the two
sub-azimuths as:

6. +6
6 == 5 . 5)
The relationship between the angular quantities mentioned
above are depicted in Figure 3.
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Fig. 3: Geometric description of the projector
and hydrophone configuration

2.2. Range estimation

Since the acoustic signals are synchronised with the commu-
nication scheduling scheme, the time elapsed between the start
of a time step and the actual arrival of the acoustic signal con-
stitutes the time of flight (TOF) of the MLS chirp between the
sender's projector and the observer's hydrophone. A modified
matched filtering technique [8] is used to detect the four TOFs
corresponding to each of the two hydrophones receiving the two
chirps emitted by the two projectors. Once again, the sample
domain peak positions obtained via cross-correlating each of the
received channels with a pre-recorded replica signal is refined
using sub-sample interpolation scheme. These are then convert-
ed to a time-domain TOF using

)
t, = JE;,i,j =12 6)

and to a distance using
iy = tijU, l,] = 1,2 (7)

where v is the speed of sound in water and f; is the sampling fre-
quency of the analogue to digital converter. According to Figure
3, 7, 2, 2 and 1 are denoted by the distances P H , Ple’ PzH1
and P,H, respectively. The sub-ranges r, (P,O,) and r» (P,O,)
are then calculated as:

2 2 2
=/ r“;""z —(%),i =1,2 8)

and the main range is given by:

ritr (1

=y -3) ®

In these instances, d denotes the base distance between the hy-
drophones while I denotes the spacing between the projectors.

2.3. Heading estimation

The two sub-azimuths 6; and 6, and the two sub-ranges r, and
r, obtained by the above azimuth and range estimation schemes
are used to calculate the heading (orientation) of the sender as
follows:

o =

tan! < rsin@, —r,sin O, >]
adj

rcos 6, —r,cos 6, (10)

where the adjustment function is the same as defined in (4). As
depicted in Figure 3, the heading angle « is the relative rota-
tion between the coordinate frames fixed on the sender and the
observer AUVs.

2.4. Error bounds

The theoretical error bounds for each of the quantities, azimuth
0, range r and heading o can be obtained by applying the gen-
eral error propagation formula to (5), (9) and (10). The resulting
error bounds are as follows:

_ vdt 1 1
46 ==+ Zde\/coszel + cos’6, (D
Ar =+ 4T e g (12)
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As explained in [8], the azimuth error reaches a minimum in the
vicinity of @ = 0° while increasing rapidly close to = 90°. The
range error remains constant for distances greater than [ while
the heading error deteriorates with increasing range.

3. Experiments

In order to evaluate the performance of the estimates produced
using the formulations presented earlier, a number of experi-
ments were carried out. Transducers were mounted on Serafi-
na mock-up hulls to represent the sender and observer AUVs
and were moved relative to each other in the ANU test tank'.
A robotic gantry was placed on top of the tank and the sender
and observer rigs (hulls mounted with transducers attached to a
shaft) were connected to it. The motion of the gantry was pre-
programmed and its angular and linear positions were used as
the ‘ground truth’ values with which the estimated quantities
were compared.

During the experiments the base distance between hydrophones
d was 0.3 m, the projector spacing Iwas 0.5m and the sampling
frequency fs used was 96kHz. The speed of sound in water
which was calculated using the formula given in [6] was An
update rate of 5.0 Hz was used throughout the experiments.

3.1. Results

Out of many experiments conducted with different configura-
tions, Figure 4 plots the estimates for azimuth 6, range r and
heading o produced by the localisation system for an explicit
azimuth variation of 8: —90° — 0° — 90° along with the cor-
responding ground truth values 6,, , and o,. This was achieved
by a rotation of the observer rig while keeping the sender rig
stationary at an angle corresponding to a heading of @ = 150°
when the azimuth was at 0°. The range was kept constant at 7 =
1.00 m.

1 Cylindrical tank with corrugated metal walls filled with tap water.
Diameter 4.2 m, depth 1.5m.

ground truth’ values are present themselves as estimation er-
rors. In the following formulae ¢ is used as a placeholder for 0,
and o and the deviation of estimates with bias is given by:

AP = ¢ — ¢, 5)

where ¢; is the estimate and @, the corresponding ‘ground truth’
value at estimation step i. The mean ({4 and standard deviation
O 4 of the estimation error for m estimation steps are:

o = 2 (B — ) (16)

Gio = X (A9 — ) (a7

The unbiased root squared error (RSE) of the estimate at estima-
tion step i is

A¢i — (A¢li)iased 7#445)2 (18)

The mean of the RSE which is equivalent to the average devia-
tion of estimates is given by:

Ap = 42" A, (19)

Figure 5 plots the RSEs of estimates depicted in Figure 4 while
Figure 6 plots the errors with bias. The statistical behaviour of
these estimation errors are presented in Table 1.

4. Conclusions

In the azimuth variation experiment presented earlier, the errors
associated with the azimuth estimate affects the heading esti-
mate. Due to this, the errors in the azimuth estimate in the vicin-
ity of 90° contribute to a proportional deviation in the errors for
its dependant heading measurement.

The accuracy and precision of the estimates can be inferred by
observing the mean errors and average deviations presented ear-
lier. For all experiments conducted in the test tank (including the
one presented) the mean error for azimuth remained less than
0.3° and the average deviation was under 2.0°. Estimation er-
rors near the limits of =90° remain well below 15.0° despite
the theoretical formulae given in (11) suggesting an infinite er-
ror. For range estimates, the absolute mean error remained well
below 1.0 X 10 >m while the average deviation was at most
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Fig. 6: Estimation errors with bias for azimuth 6,
range r and heading o

5.25 X107 *m during the experiments. Heading estimates dis-
played an absolute mean error of less than 5.0° in all test tank
experiments while the maximum average deviation was 5.4°.

The localisation scheme presented in this paper demonstrates
a higher degree of accuracy and precision of estimates when
compared to other available systems addressing the problem
of localisation for small AUVs including those mentioned and
described [1], [2] and [5]. This is especially significant when
considering the low power requirements, update rates, cost and
scale of the system as well as the swarming paradigm which
motivated the development.
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