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Abstract Maintaining accurate localization of an autonomous undggwvehicle
(AUV) is difficult because electronic signals such as GPShaghly attenuated
by water making established land-based localization systeuch as GPS, useless
underwater. Instead we propose an alternative approaathvitiiegrates position
information of other vehicles to reduce the error and uradety of the on-board
position estimates of the AUV. This approach uses the WHQlustic Modem to
exchange vehicle localization estimates — albeit at lowdnaission rates — while
simultaneously estimating inter-vehicle range. The perfmce capabilities of the
system were tested using Oceanserver’s lver2 and the MITit&eyaks.

1 Introduction

Localization or navigation of vehicles using only onboarddl sensors, such as a
Doppler Velocity Logger (DVL) or Inertial Measurement U(liMU), are certain to
experience accumulated positioning error. One can, ofseputilize more precise
sensors to reduce the rate of accumulated error — DVL units @vror accumula-
tion rates as low as 0.2% are commercially available. Howthis approach may
not be satisfactory due to practical, power or financialt@tidons.

Regardless of the platform used, the accumulation of emdruncertainty is
simply slowed, rather than bounded. The result of this isahaAUV surveying the
ocean floor or a land robot building a street map must be halteztcasion so as to
reset the position uncertainty — either by surfacing for &@R or by repositioning
at a known location. This procedure wastes both energy arg] tiequires a human
interface and may be unacceptable in many operating envizats.

The standard approach for bounding error underwater is [Basgline (LBL).
Two or more beacons are deployed at known locations — eithdauays on the
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water surface or moored on the seabed. The AUV transmits @amstc query to
the beacons which reply in a manner which allows the AUV tinese the bea-
con/AUV range and to then improve its own position estim&ecent improve-
ments to this system have removed the need for round-trippgitSynced LBL)
and also allowed for estimation of both range and angle usingrray of receiving
sensors (USBL).

While these technologies are now all commercially avadatiie mobility of the
AUV is restricted as typical coverage is limited to an arethinia few kilometers
of the beacon. To relax this restriction an alternative apph considers a system in
which a surface vehicle (with access to GPS) or a submerdededwith accurate
dead reckoning instrumentation) communicates with a fleetuzh less accurately
localized vehicles so as to improve the positioning of tietaOne example of this
approach is the Moving Long Base Line (MLBL) navigation poepd by Vaganay
et al. [9], in which typically two surface vehicles serve as mollieacons for one
or more AUVs. Other related recent research has been pertbbymBahret al. [1],
Eusticeet al. [4] and Maczkaet al. [5]. It should also be recognized that multi-AUV
navigation falls within the wider problem of multi-robot @perative localization,
see [6] for a more general introduction to the field.

In this paper, we describe experiments that extend the MLBir@ach to situ-
ations in which a single surface vehicle is used to estinfaepbsition of a sub-
merged AUV using range-only measurements. In Section 2dki framework of
this technique is discussed. Our algorithm is outlined inti®a 3 followed by a
number of modifications which improve performance. Sedlipnesents the results
of a combination of simulation and realistic experimentdltestrate the concept.
Finally conclusions drawn from the experiments and thectivas of future work
are presented in Section 5.

2 Cooperative Localization Under Water

This paper retains the framework for underwater localarafireviously introduced
in [1] and also used in [4]. We shall assume there to be onaceikfehicle providing

the submerged fleet of vehicles with position informatiorile/perhaps operating
as a communications moderator — in the dual role of a Comnatinits and Nav-

igation Aid (CNA). Each of the autonomous underwater vedsichaintains a dead
reckoning filter, drawing upon measurements of velocitydieg and depth. Fi-
nally, communication through the water channel is possibieg the WHOI Acous-

tic Modem — at transmission rates of the order of 32 bytes pesetonds — in a
process which also yields a time-of-flight measurement wben be used to esti-
mate the inter-vehicle range.

There are a number of methods which could be used to intetitateeceived
position information. Our earlier work, [1], proposed agaithm which utilized
the on-board dead reckoning estimate of the AUV and a paiN# ange estimates
to form a complete estimate of the AUV state vector.
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The seabed, the water surface and deep sea thermoclinés thithvater body
have the ability to cause significant multi-path signal ifgieence and the receipt
of a substantial amount of infeasible outlier measuremeéntypical dataset was
illustrated for a regular Long Baseline systems in [8]. F@se reasons it would be
reasonable to assume that the received measurement seediftam the WHOI
modem would contain substantial multi-modality, thereltirating this approach.

However the advanced processing within the WHOI modem derduak the abil-
ity to suppress the bulk of these effects, such that the vedaneasurements de-
coded by the modem contain only a moderate amount of noisghisoreason the
proposed approach instead uses an implementation of tleaded Kalman Filter.

A particle filtering approach [3] could also have been coaid as this would
have more accurately incorporated the non-linearity otthreection step, however
because we will maintain full control of the CNA's motionshssue can broadly be
avoided.

Previougproof-of-concept experiments illustrated that the range variance is broadly
independent of range itself, however detailed examinatiohis was not carried out
[2]. The modem transducer was then directly clamped to tlerside of the kayak.
Our more recent experiments have instead hung the trans@t®eneters below
the kayak hull. We expect less noise interference from thelkanotor and less
reflections from the water surface in this configuration.

Figure lillustrates WHOI modem range data plotted versus-@&rived ‘ground
truth’, as measured in the Charles River adjacent to MIT négeBecause the
ground truth distance between the two vehicles was detednirsing imprecise
GPS measurements, it is difficult to precisely estimate thgilution of the range
measurements. Other issues, such as the position of the €&B6rselative to the
modem on the kayak must also be recognized. In the absencedse ground
truth, we estimate the range variance to be between 4—-8m.

3 Single Surface Craft Cooperative Navigation

The configuration we will consider in this work will be of a gie CNA supporting

N underwater vehiclésEach AUV will maintain an estimate of its own position and
uncertainty. This estimate will be propagated using thelisalman prediction step
S0 as to integrate heading, forward and starboard velo@gsorements.

As mentioned above, this estimate will be corrected usingeand position in-
formation relative to an CNA using the WHOI acoustic modermpresent the 32
byte packet transmitted from the CNA shall contain latitudegitude, depth and
heading as well as a UNIX time-stamp. Transmission of a gaoiesists of two
stages: first anini packet is transmitted to initiate the communication sequence.
The inter-vehicle range can be estimated using this mirkgta&ollowing this, the
information packet is transmitted in a process which lapfgreximately 5-6 sec-

1 Subsequent research will aim to relax the necessity of acdesil surface vehicle
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onds. In all, itis prudent to reserve 10 seconds per trarssomsSimularly the AUV
will transmit a message containing its own position estévas well the associated
covariance matrix which can be used to help the CNA plan its supporting mo-
tion — also requiring 10 seconds per transmission.

It is envisaged that the MLBL will be integrated within a muAUV setup in
which use of the communication channel is shared betweely g@nmunicating
processes. As a result the transmission rate of a posiogér pair is likely to be
substantially below one measurement per 10 seconds. Fonthe only a portion
of transmitted messages will actually be received. Foreheasons it is prudent
to optimize the location from which the ASC transmits so amtiximize the ben-
efit achieved from the correction step. Although a basiczag-motion plan was
adopted in this work, future work will consider more elalieraotion planning for
the CNA.
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Fig. 1 Analysis of range estimates derived from the WHOI Modem. ésplpeft: Comparison
of modem range estimate (red dots) and range derived from ‘@®6nd truth’ (blue crosses)
for eachfully successful 10 second transmission period. Lower Left: lllustratiortta frequency
of successful transmissions. Category O represents arelgnidiled transmission; Category 1:
successful range transmission; Category 2: successfgerand packet transmission. Category
2 corresponds to the modem ranges in upper left plot. Rigfgtoram of range error (using
estimated range versus GPS ‘ground truth’ range), alsstifited is a normal distribution fitted to
the data (red; = 0.66m g; = 7.5m) and the normal distribution used in the experiments &iiGe

4 with (cyan,r = 0m, gy = 5m). This range data corresponds to Experiment 1.



Cooperative AUV Navigation using a Single Surface Craft 5

3.1 Utiliziing Partial Messages

As illustrated in Figure 1, a significant proportion of thar{ge) mini packets are
received without the information packet — meaning that theal correction step
cannot be made

By linearly predicting the CNA position using previous gasi estimates, an
estimate of the CNA at this time can be formed. This estimatetben be used
with the previously orphaned range measurement to allowh@ngorrection step to
occur. While post processing of the data from the experimrasented in Section
4 in this manner reduced the average error by approximatelyreter, in future we
propose to introduce redundancy into the transmitted ngessso as to avoid this
scenario. See Section 5 for more discussion.

3.2 Online Compass Bias Correction

A Bayesian filter - such as a Kalman filter or particle filter s@mes that mea-
surements are formed using unbiased estimators. Headmgpnisver particularly
difficult measurement to estimate properly. Compass acgwran be effected by
the characteristics of the local region, the magnetism efhicle itself and mag-
netic declination. Itis particularly severe for imprecssmsors used aboard the CNA
platform. As a result, the compass used in the experimertepted in Section 4
is a dominant source of navigation error. Typically comgdaas is corrected using
a calibration process which can be both complex and timewuoimgy. In this sce-
nario, the EKF corrections garnered using the CNA range asdipn can be used
to estimate the compass bias and to remove its effect.

Between successive corrections of the EKF, the filter wilptedicted according
to the dynamical model. The frequency of the prediction stéjpbe much higher
than the correction step. The distance between the poséstimate of a correction
step at timek; and the predicted position at tinkgis the estimated relative distance

/szu
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Fig. 2 Compass Bias Correction Example: MLBL position estimategpis corrected towards
the ground truth (red) in a consistent direction. The angcterection of the 4 correction steps,
6.4, can be used to form an estimate of the bias angle, which iisrdmaoved. Note that multiple
iterations of the prediction step take place between eacha®n step.

2 For a typical mission in the open ocean inter-vehicle rarajee order of 1km are expected,
making this an even more significant issue.
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traveled in that time
AXk_z\kl = Xkp — Xy - (1)

wherex, = [X,,Yi, | represents the state vector at tikre1. The CNA position and
range measurement are then integrated to correct the jpogtesition estimate

DXl = Xk — Xk (2)

If the sensors contributing to the measuremagt,are unbiased the expected value
of the update will be zero. However if there exists a compéss the EKF will act
to correct the filter in the direction opposite to the bias

AX = . AX _
Ok = arccos< kalky ko|k—1 ) ©

| AXigii [ DX k1|

Figure 2 illustrates the issue for a sequence of MLBL coioestfor a biased
compass. It can be seen that the angle of the correction sstently in the hypoth-
esized bias direction. However as the CNA consistently meers relative to the
AUV, a closed form expression for the bias angle cannot haéak.

Instead we will propose to successively estimate the bids tiis effect is
removed. Consider the net angular correction seiNosuccessive corrections,
(Bk_N=+1,--- B). We assume that the median of this set, giver@;bwill be in the
direction of, but less than, the bias angle, j0e< 6 < Bbiag -

This value is assumed to be an initial estimate of the biasiaed to correct the
heading estimate subsequently. After the Méxtorrections, any remaining bias is
again estimated and added to the running bias estimatetialisrthe bias will be
assumed to be known and can be removed.

4 Experiments

A number of experiments were carried out in the Charles Ra@jacent to MIT,
to demonstrate the concept of Moving Long Baseline usingSiingace Crafts for
Oceanographic and Undersea Testing (SCOUT) kayaks designdIT and the
low-cost Iver2 from Oceanserver (see Figure 4). Each of tyaks was equipped
with a WHOI modem, a compass and a GPS sensor while the Ivesie lsensor
suite consisted of only a compass and a WHOI modem. The werfly velocity
estimate was aonstant value of 1.028 m/s (2 knots) specified by the mission plan.
Each vehicle’s onboard computer ran an implementation@MOS software
platform [7]. Maintaining an accurately synchronized s essential for the esti-
mation of inter vehicle ranges; to do so the lver2 utilizedecsely synchronized
timing board developed by Eustice et al. [4] while the SCOUWlydks used the
Plus-Per-Second (PPS) contained within its received GRSndessages.
Experiment 1: A single SCOUT kayak designated as the ‘AUV’' completed a
survey-type mission while another kayak maintained a zig{zattern behind the
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‘AUV’ — taking on the CNA role. The onboard GPS sensor was usedetermine
the ground truth position as well as to simulate forward aadb®ard velocities.
Measurements drawn from the CNA transmissions were usetleb}AUV’ to re-
duce its uncertainty. The designated ‘AUV’ carried out lirsuits of a rectangle,
covering approximately 1800 metres in total over a perio8minutes.

Note the large increase in the error of the position measenétetween 22—
26 minutes. This was caused by a combination of poor CNA jposéstimation
(caused by visibility of just 4 GPS satellites) and the CNA/ng close, yet parallel,
to the AUV. Itis envisaged that this could have been avoiditd thie use of a more
accurate GPS unit or by forbidding the CNA from taking suchagettory.

The following are a number of metrics for this test: mean ref®d.5m, mean
‘AUV’ velocity 0.82m/s, mean CNA velocity 1.08m/s. There rge205 transmis-
sions of which 130 were fully successful, 63 resulted in éapacket transmission
but a successful range estimate while 12 resulted in compighsmission failure.
The algorithm can be seen to bound the error of the positiitmate to approxi-
mately 20m.

Experiment 2: In a second fully realistic experiment, the Iver2 carrietiapre-
defined ‘lawnmower’ pattern running at a depth of 2.4m whiaia the SCOUT
kayak supported by transmitting its GPS position to the AU¥ the WHOI mo-
dem. In addition the Iver2 transmitted its own MLBL positiestimate, which was
received by the CNA and used to plan locations from whichangmit.

Figure 6(b) illustrates the path taken by the vehicles. Bselasted 28 minutes
and in total the Iver2 travelled 2 km. The AUV surfaced twiseaasafety precaution.
After 9 minutes the AUV first surfaced and received a GPS fix201.6 -242.0) as
shown as a red cross, at that time the front seat filter estofreaposition of (-258.7,-
276.5) while the MLBL filter estimate (-208.9,-238.1) gigiman error of 66.7m
and 8.3m error respectively. When the Iver surfaced for domisd time (after 19
minutes), the corresponding errors were 53.7m and 14.1well@s estimating the
AUV position with error, both of these MLBL filter estimatesve within a 95%
confidence interval upon surface. Note that after each ceitiae AUV transited
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Fig. 3 Error (left) and 95% confidence (right) for the MLBL algomnith(blue) and the dead reckon-
ing alone (green) for Experiment 1 where we have defined %g@fdence in terms of the largest
eigenvalue of the covariance matrix.
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from the GPS location back to its planned location on the imriggath before diving
and continuing the mission.

It should be mentioned that between 4-8 and 12—-18 minuteaci®@fs were suc-
cessfully received by the AUV and as a result no MLBL corr@utsi were possible
(See Figure 5). This can be attributed to a number of factors

e The CNA was positioned behind the AUV and as a result churregdnirom the
AUV propeller is likely to have reduced communication caifitis.

e With each failed transmission the AUV/CNA range grew urtibat 225m which
is considered long for this experimental river environnent

e The presence of a tourist cruise ship nearby.

In future tests, precautions will be taken to avoid thesedss

Fig. 4 Vehicles Used: OceanServer Iver2 (left) and the MIT Scoyakdright)
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Fig.5 Results for Experiment 2. Left: Modem range estimates wititsssful packet transmission
(red dots) and modem range estimates but failed packentiasion (black crosses). Right: 95%
confidence for the MLBL algoritm (blue) and the dead reckgraiong (green). Note the two long
portions of the run in which ranges were determined but nigtawas successfully transmitted
and the resultant growth in position uncertainty.

3 Note that the maximum range in the open ocean is of the ordéi5dime greater than the river
environment.
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5 Future Work and Conclusions

The concept of a single surface vehicle supporting the iai@dn of an AUV has
been outlined. Full experimental results with a single CNAorting an lver2 were
presented. The resultant position estimate was shown tolisatially more accu-
rate than the vehicle’s own onboard navigation filter. Feituork will focus on ex-
tending this framework for testing with three Iver2 vehgcdnd eventually towards
the scenario in which a set of heterogeneous vehicles atéoonsly submerged
with only a single vehicle occasionally surfacing to acaessGPS.

Secondly, the performance of the algorithm is directly dateed by the quality
and frequency of received measurements. We will consigeogtimization of the
transmitted messages (and the re-transmission of failea) da as to reduce the
proportion of useless or partial messages received by thé Wthis work the path
taken by the CNA was an arbitary zig-zag behind the AUV. Mofitanning of the
CNA's path — so as to transmit messages from the most advewmgdgcation —
will also be carried out in future.
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Fig. 6 Paths taken by the AUV and CNA during Experiment 1 (upper) 2(dwer), see Section
4 for more details. CNA measurements were transmitted flogrbtack dots. Note that the final
500m of Experiment 1 has been omitted as it overlaps with vergtiown.



