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1. High-resolution bathymetry and magnetometry

1.1. Task objectives and gpected result:

The objective of this task t® produce the reference maps that are used ith¢oeetica
studies, computer simulations, and experimentalstof geophysical navigation. The expec
output isthe production of hic-resolution bathymetric maps and higgsolution magnetic da
maps (total field and gradients) of a test

1.2. Work developedand results obtainec

The site chosefor the project testis a shallow-water lakeith an area of approximate
300m*200m located ddoca do Oceanari in Parque das Nacoekisbon;seeFig.1.
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Fig.1:Aerial view of the experimental test site locatéDoca do Oceanarian Parque das Nagd, Lisbon.

The availability of this siteyhich iseasily accessible by land alwtated close tother IST
facilities, wa an important contribution to the project giveagood condition of operation in
the water at the areayen with adverse weather conditions. The logistexsessary to ste
operatingat the site were more complicated than expectédligibecausehe lake can only be
accessed by land. This limitation made particuldifftcult the deployment of the boat used
one the main bathymetric survey, imposed an adhditiocost to the survey, and delayed the :
of some tasksThe followingis a list of the main activities performed ahe results obtained
with this task:

* Apreliminary bathymetrisurvey of the test site was performesing the rang
measurements provided aDoppler velocity logger (DVL) which ialso the
instrument proposed to implement ter-aided navigation of the AU\ The objective of
this survey waso assess the interest of the trial area for GI¥. Although DVL
systems are not normally employed to execute bathyersurveys, it was relevt to
explore this possibility, given the versatility thiese systems, their relative low cost,
their widespread employment in marine robotic viglsi The data obtained with ti
DVL had to be processed for filtering of outliersdeother artifats, pior to map
building. Thisbathymetric survey is documented in TechnicalReport[1] and the
associatedignal processing tasks are documented in the i@iRepori2] ; see the
localization of the survey trajectoriesFig.2 and the preliminarynap obtained ilFig.3.
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Fig.2: Trajectories used for bathymetric data asitjoh with the Doppler at the test site.
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Fig.3: Bathymetric map acquired with the Dopplethat test site.

Given the promising results of the first survegeaond bathymetric survey was
performed with a very high-resolution multi-beanmaoto obtain the reference maps
used in navigation; sédg.4. This map involved substantial work of signal ms&ing
that is documented in the Technical Report [3].
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ig.4: High-resolution bathymetric map of the teigt acquired with a multi-oeam sonar
(UTM Northing and Easting coordinates in meters).

F

A preliminary total field magnetic high-resolutiomap was also acquired in the test area;
see the survey trajectorieskig.5 and the final map producedHig.6. It was planned

to survey this site later with magnetic vector goateters to support the tests of new
navigation algorithms based on magnetic gradieta.da

Magnetic anomaly along survey lines
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Fig.5: Magnetic survey performed with a scalar nedigmeter at the test site and preliminary profiethe magnetic
anomaly observed. A second, identical scalar magmeter was used as a base-station to allow foecton of

diurnal variations of the Earth's magnetic field.
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Fig.6: Magnetic anomaly map of the trial site. Some aegaslanked in the map since they are not usefigrins of
geophysical navigation and their high amplitiprevents showing enougtetail in the areas of intere

2. Simulation of Geophysical Navigatiorand map assessment

2.1. Task objectives and expected resul

The objectives of this task include: tuning theigation algorithms and assessing tf
efficiency in simulations with real bathymetric dastudying the redrements of the
geophysical navigation algorithms in terms of magotution and accuracy; evaluating
survey and map requirements for GN in terms ofterinformation, spatial resolution a
measurement accuracy, and establishing efficiethads or representation of maps used
the GN subsystenThe results expected consisted of a suite of réfaigorithms for GN, th
specifications for accuracies and spatial resahstiof the prior maps, and quantitative meas
of performance of GN algorims.

2.2.Work developed,results obtainec, and publications

This work relied essentially on computer simulag where the navigation algorithn
developed have been appliecreal geomagnetic data. The main results have besemped &
international conferences and published in confergmoceedingwith peer revie\ [4-7]. The
superior perdrmance of the estimation algorithms developedjémphysical navigation
illustrated inFigs.7and8, which shov the estimation errors obtained by novel algorithms
(MPF and PPF) and tleenventione (SISR) navigation method®mpared with the theoretic
lower bound (CRLBpbtained in simulations with real data as repoit [6]. Fig.9-a-b puts
also in evidence some fundamental properties ohdwe methods in terms of robustr to
terrain symmetries and measurement outliers thadttate the main cause oflure of the
conventional navigation filterThe main developments and the resaftthis task wert
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» Test and performance evaluation of novel navigagigorithms based on Monte Carlo
methods (Particle Filters).

» Specifications of maps required for GN.

* Anew data fusion method for integration of convemal dead-reckoning methods using
Doppler velocity measurements with terrain-basedlleation based on DVL range
measurements.

* Research on alternative navigation methods thagrate bathymetric terrain navigation
with complementary sources of information for psedocalization [8].
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Fig.7: Position estimation error obtained by thesiiIPF and PPF) and the prior (SISR) navigationhmds compared
with the theoretical lower bound (CRLB) obtainedsimulations with real data.
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Fig.8: Velocity (bottom) estimation error obtainegthe new (MPF and PPF) and the prior (SISR) retiog methods N
compared with the theoretical lower bound (CRLBbaited in simulations with real data. &
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Approximate PDFs used by SISR along track

100

X=Northing(meters) 100
0 50 Y=Easting(meters)

Fig.9-a: Probability density functions (PDFs) ubgdhe standard Particle Filter SISR. Compare wighfollowing
figure and notice the biased estimates and mugedamcertainty of the standard filter SISR showretthat is
caused mainly by terrain symmetries and areasbfdtrain to which the PPF proves to be very robus

Approximate PDFs used by PPF along track
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Fig.9-b: Probability density functions (PDFs) ussdthe novel PPF filter.

3. Sonar sensors’ setup

3.1. Task objectives and expected results

The objective of this task was to install and gestiite of sonar sensors to perform trials of
Geophysical Navigation at sea with the AUV. It vdegided to make all the experimental tests ©
in an initial phase in enclosed, shallow waterse Ploject proposed to use a Doppler velocity &
logger (DVL), which is a standard navigation serisanany underwater robotic vehicles, as the £



main sonar system for the acquisition of altitudédinstead of using dedicated sensors for
purpose; se€ig.10.

Fig.10: Side view diagram (lefthd head view (right) of thDoppler velocity logger (DVL) used in the test:
geophysical navigation. Notice the arrangemenheffour sonar transducers which allow for the agitjan of 4
simultaneous range measureme

3.2. Work developed andresults obtainec

The robotic platform used in the experimental testa autonomous vehicle of the cl
Medusadeveloped by the Institute for Systems and Robafidsstituto Superior écnico. The
Medusascan be configured as autonomous surface les (ASV)or autonomous underwat
vehicles (AUV) The ASV configuration includes an external GP&iana that can be used
track the vehicle using retime kinematics (RTK) GF; seeFig. 11-a-h It is worth noting tha
the GPS data collected by the AS\these tests is used only for groungthing, i.e., for
comparison of the real localization of the vehigiéh the position estimated by the navigat
algorithms, in order to assess the performancbkeo@GN softwareThe DVL was used f
terrain navigtion as proposed. The vehicle has also insta sonar altimetewhich can be
used to implement a lowest GN system which explores complementary sowtpssitioning
data such as magnetometry or range measurementdquidy fixe-position singl-beacon;
see the work reported in [8hdconsult the last Section tiis report for detai.

The acoustic system used to acquire the altimetty cequire by the TAN algorithms is
LinkQuest NavQuest 600 Micro Doppler velocity loggeth a classical Janus four bei
configuration. This DVL is a relatively inexpensisgstem which is installed as a stanc
navigation instrument of thdedusi ASV. Besides providing velocity measurements use:
deadreckoning, the unit can acquire four depth measangsnat each ping,ith an
approximate accuracy @bcm; the DVL is also equipped with a motion senglaich provides
relatively noisy measuremenof the sensor attitude. An additional motiorerehce unit, the
provides more accurate measurements of attitudeuagpalar velocities, is installed -board
the vehicle: a VectorNav VOO Inertial Measurement Unit (IMU) and Attitude adiing
Reference System.

The configuration implemented allowed to obtaineélxpected results which consistec
» Afunctional sonar sensor suite installed in the 4

* An experimental dat® collected with the sensors instaliedhe vehiclethat permitted
their charactezation in terms of resolution and accure
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These results were fundamental for the executiaealfstic simulations and the subsequent
experimental work in the water.

Fig.11-a: Medusa ASVs ready for deployment at és¢ site in Lisbon.

Fig.11-b: Medusa ASV in the water at the testisiteisbon.
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Fig.12: Terrain Aided Navigation using a Doppleloaity logger.

Integration of GN with GNC subsystems

4.1. Task objectives and expected results
The objective of the task is to integrate the ggspal navigation system with guidance,
navigation, and control systems installed in thieicle.

4.2.Work developed and results obtained

The navigation software developed for simulatiossig Simulink/Matlab has not been tested
experimentally in the real vehicle due to limitaisoof time but has been converted to a modular
architecture that can easily be integrated in thdagnce, navigation, and control (GNC) system
of a real AUV, the architecture of the softwarelépicted inFig.13. One of the main

advantages of this modular TAN package is the paggiof using a simulator (see Physical
System blocks in Fig.13) to replace the real systeuding the vehicle and the sensors. To
validate its functionality in a real applicatiohjd software package was used to test the
navigation software with the real data acquiredigyASV Medusa, as described in Task B.3.
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Fig.13:Architecture of the Geophysical Navigation softwused in simulationgeady fo integration in the AUV.

5. Sea trials of Geophysical Navigatio

5.1. Task objectives andexpected result

This task aimed at testinggphysicanavigationbased on bathymetric informatiusing an
actual autonomous robotic vehiin a real environmenAs the result of this task it wi
expected to characteritiee different subsystems usin the tests in terms of accuracy ¢
resolution,including the navigation transduc - Motion Reference Unit (MRU) ai DVL -
and the sonar sensor suite installed in the. As the final resulit was expected tderive
guantitative measures of perfornce of geophysical navigation real applicatior.

One of the maimxpected outcom of the project was the implementation of ter-aided
navigation of AUVs using standard navigation sessuod relying on affordable sor
equipment for realime acquisition of bathymetric data. For onlinguaisition of altitude data
was proposed tose the range measurements provided by a Dopptaityelogger which is ¢
standard instrument used for d-reckoning navigation in underwater robotics. To ptement
the information provided by the DVL, the proposGN implementation exploits the aude
measurements acquired by a stan, inexpensivemotion sensor installed in the vehi

The project aimed also at assessing the efficaGN methods in different underwat
scenarios, including lownformative terrains. The site chosen for the ect tests i ideal to
assesthe real efficacy of the proposed methodology esthconditions. Actually, the tri
scenario presents essentially a-bottom surface where the execution of te-based
navigation becomes a considerable challe

5.2.Work developed and results obtaine

Due to budget limitationsg was not possible to make tests atl as planne but the principal
objective of the task waachieved using thconfined aquatienvironment, the trial site
Parque nas NacOedescribed in TasA.1. This site is very convenient for tricthat require
repeated operations of deployment and recoveegioipment from the water by hum
operators, due to thexistence of a wide, gently sloping ramp that fetes the access to t
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lake. The experimental tests were conducted welatitonomous surface/underwater vehicle
Medusadescribed in Task B.Eig.14 represents the paths followed by the vehicle @sdtrials
as tracked by the RTK-GPS receiver installed onrdhoa
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Fig.14: Trajectories of the experimental trials@xed by the ASV Medusa at the test site, supersapon the
bathymetric. Notice that each trajectory comprises simultaneous records of altitudes measurethéyour
beams of the DVL. The results obtained with thégetctory are illustrated in the following figures.

The data collected in real-time by the vehicle udeld:
» High-precision global positioning data obtainedhf@PS-RTK
» Attitude data supplied by two, distinct Motion Refiece Units (MRUS)
» Ground-referenced 3-D velocity supplied by a Doppkocity Logger (DVL)
* Measurements of altitude relative to the sea-botapplied by the DVL (a set of four
simultaneous measurements of altitude are supbpligde DVL).

The localization data acquired by the vehicle gl-tene using GPS-RTK was used for ground-
truthing of the estimate localization obtained bg havigation algorithms. The ground-
referenced velocity data acquired by the Doppléertae attitude data acquired by the motion
sensors were used for dead-reckoning which istiated in the GN methods. The altitude
measurements supplied by the DVL were obtainedahtrme by a transformation of the
corresponding set of range measurements, usirgnifles of attitude measured by the Doppler.
Given the poor quality of the attitude measuring umegrated in the DVL, these measurements
are corrupted by noise of significant magnitude ianureferable to use an external MRU to
obtain the angles of attitude that are used to edmanges to altitude. As such, it is necessary
to invert the transformation implemented by the Didltecover the original range
measurements and to compute a more accurate atwde data using the external MRU.

The data obtained in these trials with MedusaASYV using the same sensor suite that is
envisioned for practical applications, permits $8ess very accurately the efficacy of the
navigation methods implemented in the project. fHve altitude data acquired by the vehicle in
real time is represented by the profiles showhigs.15a-c It is compared in the plots with the
profile extracted from the prior bathymetric magasbed with the DVL for the same path. The
results plotted show a very good correlation betwibe data acquired by the vehicle and the
prior map, and are indicative of the potentialled proposed method to implement geophysical
navigation in a real underwater environment. Ttoeda, integrated with the velocity and
attitude measurements acquired by the vehicle, haga applied to the navigation filters
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developed to assess the real performance of thghgsical navigation system implemented.
The excellent results obtained, which are describelde sequel, are included in a journal paper
which has been submitted recently to the Internatidournal of Adaptive Control and Signal
Processing (Wiley) [9].

DVL bathymetric map profile and Beam 1 data
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Fig.15-a: Profile of altitudes (expressed in WG88&#tum) measured by DVL beam#1 during the tests thighMedusa
ASV along the path shown in Fig.14, superimposethercorresponding profile of the reference map.

DVL bathymetric map profile and Beam 2 data
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Fig.15-b: Profile of altitudes (expressed in WG$&4um) measured by DVL beam#2 during the tests tiv#ghMedusa
ASV along the path shown in Fig.14, superimposethercorresponding profile of the reference map.
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DVL bathymetric map profile and Beam 3 data
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Fig.15-c: Profile of altitudes (expressed in WGS@4um) measured by DVL beam#3 during the tests thighMedusa
ASV along the path shown in Fig.14, superimposethercorresponding profile of the reference map.

DVL bathymetric map profile and Beam 4 data
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Fig.15-d: Profile of altitudes (expressed in WGSadum) measured by DVL beam#4 during the tests thigthMedusa
ASV along the path shown in Fig.14, superimposethercorresponding profile of the reference map.

To illustrate the performance achieved in the ggsjglal navigation trials, we present in the
next Figures a graphical representation of the mesaolts. A comparison of the real path
followed by the vehicle with the two trajectoriegtimmated by conventional dead-recknoning
navigation using the distinct motion sensors casdan inFig.16. The results illustrated in this
figure show clearly the poor performance achiewethle classical navigation methods with
standard navigation sensors; these results jusgfymplementation of more advanced, but
equally affordable, navigation solutions such asv@hth is experimented in this project.
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The trajectory estimated by the GN filter basedranvelocity and the noisy attitude data
provided by the DVL is plotted iRig. 17. In this figure, the true trajectory and the dead-
reckoning estimate can be easily compared. The i@ags of the GN and dead-reckoning
localization errors are plotted Fig. 18 Careful analysis of these plots show that thefi@&t
diverged in the last leg of the test when the dea#toning error attains its maximum value due
to a strong bias in the heading measurements prd\bg the internal attitude sensor of the
DVL. In this part of the trajectory, the vehiclevigates over an almost flat terrain which does
not provide significant information for terrain ngation. It is worth noting that, despite the
large orientation error introduced by the DVL baitmotion sensor, the filter is able to recover
and reset the error; this is achieved when thecleheaches the area of high slope in the
Northeastern part of the lake, converging approtetgao the correct position and finishing the
maneuver with a negligible error.

The best GN results overall are obtained usingitternal motion sensor to complement the
ground-referenced velocity data provided by the depAs can be observedHking.19, in this
case the GN-estimates follow closely the true ttajg. The larger deviation occurs in the
Southern leg where the topography does not conveygh information to enable the correction
of the drift accumulated in the previous leg. Thewmmulated error is due to the limited
accuracy of the navigation sensors and the low &verrain information available in the
center of the lakd=ig.20 shows that GN is able to reduce the localizatiworen the final part

of the trajectory where the filter explores effitily the large terrain gradient observed in the
area of the ramp.

.

= Ground-truth. GPS-RTK
Dead-reckon. DVL
Dead-reckon. DVL+External IMU

Y [North] - Local Coordimates (UTM)[m]

A = Soniak
4.917 4.9175 4.918 4.9185 4.919 4.9195 4.92 4.9205 4.921
X [East] - Local Coordimates (UTM)[m] x10°

Fig.16: True trajectory (blue) and dead-reckonistingates obtained with different motion sensorsyrihie yellow
arrow indicates the direction of vehicle motioritat point of departure.
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Fig.17: True trajectory, dead-reckoning (DVL), afrfN estimated trajectory.

Localization error: DVL dead-reckoning vs. TAN
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Fig.18: Absolute value of the localization errotaithed with TAN and Dead-reckoning performed with
the DVL data.
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Fig.19: True trajectory, dead-reckoning (D¥LExternal IMU), and TAN estimated trajectory.

Localization error: DVL+External MRU dead-reckoning vs. TAN
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Fig.20: Absolute value of the localization errotaihed with TAN and Dead-reckoning performed wite DVL and
the external MRU data.

During the experiments the DVL built-in motion senstroduced large orientation errors
which are highly detrimental to the execution ofNTAlgorithms. It was also was observed that
one of the DVL beams failed frequently and introglitarge errors in the altitude
measurements. For this reason, the utilizatiohmisfieam was inhibited in the TAN filter.
Despite these limitations, the TAN algorithms wabde to accurately localize the vehicle,
closing the trajectory loop with an error of a feweters.
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A common deficiency of the output of terrain naviga algorithms is the short-term variability
of position estimates. As can be noticed in theéspbdFigs. 18 and20, this characteristic is also
observed in the present results. To mitigate treblpm a complementary filter (CF) was
designed and applied to implement data-fusion @fTthN and DVL navigation outputs as
described in [7]; the filter structure is represehin the figure below. As a result of its
application, it was possible to obtain positionireates which are characterized by smaller
estimation errors and reduced short-term varigbilihese characteristics of the filter outputs
are shown in detail in Fig?. This result demonstrates the importance of inm@jng
conveniently designed data fusion filters in TANbBgations.

DVL TAN
P=p+e,
1 1 | PP-e, Y3
S s "\
- p
K =
1
R(Y" < K, |

Fig.21: Structure of the complementary filter useihtegrate the TAN output with DVL dead-reckoning

Localization Error: Dead reckon. (DVL+ExternalMRU) vs. TAN/DVL-PPF vs. TAN/DVL-CF
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Fig.22: Absolute value of the localization erroldained by conventional DVL dead-reckoning compavéth those
obtained with the new geophysical navigation meshod

The above presented results demonstrate in prdabecability of geophysical navigation based
on bathymetric information to achieve bounded lizedilon errors even in poorly informative
terrain and in the presence of faulty navigatiamsses.
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6. Research on novel methods in Geophysical Navigation

6.1. Task objectives and expected results

The objective of the task was to investigate aneldgp new techniques that complement the
methods already implemented and expand the cajpedbidif geophysical navigation of AUVSs.
The results of the research were planned to bdatalil through computer simulations using

real data. The main results expected consisteéwfrmravigation methods or the optimization of
existent algorithms; these results were expectée tassessed through quantitative measures of
the efficiency of the methods in computer simulasgior real experiments.

6.2. Work developed, results obtained, and publications
The work developed here addressed two main topics:
» Cooperative terrain-based navigation
» Geophysical navigation using complementary sounEésrrain information

The objectives achieved and the resulting pubbcatiare:

» The theoretical development of a novel method opeoative Terrain-Aided Navigation
of AUVs was the subject of the work developed by plost-doc researcher Luca Baglivo
under a research grant of the project; see thenieaReport [10].

* Anew approach to terrain-based navigation usidg-scan-sonar data was explored at
the UA in the context of a Master thesis in ElesitdEngineering, [11]. This work
exploited a non-conventional source of terrainiimfation in GN. The side-scan-sonar
(SSS) data has the advantage of acquiring a langeiat of information which in
principle can be correlated with a prior map toiee precise localization. Since SSS is
a geophysical instrument used in many scientfinmercial, and military surveys,
there are currently large data-sets of this typaadé that can be used by robotic vehicles
as prior maps for navigation. The present work bted from the availability of one
these data-sets to assess the performance oyplei®t navigation methods and
explored signal processing techniques that are albympplied in computer vision to
process the acoustic images of the sea-floor seghply the SSS.

* The development of a new magnetic navigation ambreath high potential of
application in navigation and tracking of underwatehicles; see [4].

7. Magnetic sensors’ setup

7.1. Task objectives and expected results

The objective of the task was to assemble a maggeddiometer from a set of two total field
magnetometers and prepare the gradiometer arraleép tow surveying. The expected result
of this task consisted of a system that could etbunderwater to acquire gradient
measurements of the magnetic field. Although tlitgairobjective of acquiring gradient
measurements of the magnetic field for GN has Ine@intained, the implementation envisioned
was modified to use vector magnetometers insteaotalffield sensors.

7.2.Work developed and results obtained

To implement the projected system, a set of twhsignsitivity fluxgate tree-axial magnetic
gradiometers (Bartington Grad-03-500M) has beemieed; sed-ig.23. These two sensors can
be configured as an array of 4 vectorial magneteragdb mount a bi-dimensional gradiometer
which allows for the acquisition of the local matiogradient tensor; see schematic
arrangement of the sensordHig.24. The sensor assembly, including its towing deveg,25,
was projected but is not yet fully operational dognly to difficulties in sensor calibration and
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alignment. These very high sensitivity sensorsireqacomplex and tin-consuming
calibration procedure witanexternal analog calibration unit (ACWupplied by the sarr
manufacturer; sekig.26. Thiscalibration unitcould not be acquired due to the budget
imposed to the project and had to be borrowed ftearmanufacturer. This fact resulted i
long delay in the geparation of the sensors. The calibration prcwas concluded onl
recently.However, in the meanwhileur team developed software algorithms that cansee
in the future to calibrate the sensors dispensirtig thhe need of thACU. The expertise
obtained in this process is of great value for thariutilization of these sensors. The poter
of the 3axis gradiometer for utilization in navigation amacking has been studied fron
theoretical perspective and shown in computer straris[4]. Besides th work with the
gradiometers, this task incluc the test of two scalar magnetomeiansied by IS that were
used to acquire a prionagnetic maj

Fig.23: The two Bartington Grad-&30M marine gradiometers used to build -dimensional magnetic gradiome

Fig.24: Schematic arrangement of thexdal magnetic sensors in thedimensional magnetic gradiometThe
variables Bidenote the components of the magnetic field veatc Bij denote the spatial derivative
corresponding to theomponents of thmagnetic gradient tensor. Bi and Bije measuredirectly by the
gradiometebut some components are computed from the meagueeditiesb isthe gradiometer baselii
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Fig.25: Mechanical support for the magnetic sesiaod housing for the electronics of the 2D graei@mdesigned to
be towed by an AUV. Notice that the geometry of ghediometer can be adapted provided that the geraant
of the individual vector sensors allows for thewdsiion of the magnetic gradient tensor.

Fig.26: The Analog Correction Unit (ACU) supplieg Bartington Instruments, Ltd. This unit was use@c¢quire the
gradient measurements during system calibration.

8.1. Task objectives and expected results

This task was projected to investigate and testmeyping techniques to derive accurate 3-D
representations of geopotential fields with appiccato AUV navigation. As results, it was
expected to obtain:

* 3D models of geomagnetic field variables in thé &esa, in a representation scheme
suitable for geophysical navigation.

» Efficient mapping techniques for 3D representatibgeopotential fields, suitable for
application in GN.

» Software for 3D magnetic modeling with applicattonGN.
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8.2. Work developed and results obtained

The work addressed the above mentioned topicsheneXpected results were achieved
although they have not been yet applied to GN ah egperiments. A software package
(MagNav) was developed to model 3D vector magrisgids used in computer simulations of
GN. The software can be used to represent compégnatic fields as shown Fig.27. The
method implements an approximated representatioeadr magnetic fields by superposition
of dipole fields. It presents the advantage of@spnting arbitrarily complex magnetic fields in
3 dimensions by a limited set of dipole paramet&sssuch, the method does not require large
amounts of memory to represent three-dimensioakldiand allows for very efficient
implementation of field simulations, including teffects of scaling with distance. Additionally
to the parametric 3D map representations, the soétweveloped relies on 3D analytic models
of dipole magnetic fields that can be used in teaé to simulate the effects of moving objects
on the environmental magnetic field. These modélglvare used in a Monte Carlo estimation
procedure to track the position of moving vehidiese been presented and published recently;
see e.qg. [4-5].

Due to difficulties associated to the utilizatidintloe magnetic gradiometers, the work of this
task was pursued using two new high-precision, Makilagnetics Sea-Spy total field
magnetometers acquired by IST; $égs.28and29. These magnetic sensors permitted the
acquisition of prior magnetic maps of very hightsdaesolution and high accuracy that
support the current work on magnetic-based GNgs¢als of the magnetic survey executed at
the trial site inFig.5 and the final magnetic map of the are&ig.6. With the magnetic data
already acquired it is possible to compute theiabgtadients of the local geomagnetic anomaly
which can be used as prior maps for magnetic-bgsephysical navigation. These reference
maps are currently being used to assess the sffafageomagnetic navigation in computer
simulations prior to the execution of experimem¢sks in the water that are scheduled to be
performed in 2015.

Tatal field anomaly. Suwveying altitude=10m

X (m)
Fig.27: Multi-pole magnetic anomaly modeled by séware package developed in Matlab for magnedied
geophysical navigation.

Fig.28: Marine Magnetics Sea-Spy total field magnedter.
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Fig.29:Geophysical Navigation using a magnetic gradion built from two scalar magnetometers, complemel
with a sonar altimeter.

9. Conclusions and @ture work

The TAN methods developed showed their efficacymingng lov-resolution range measureme
and proved to be robust in the presence of fa@dtygation sensors. These results illustrate cle
the ability of bathymetricdased GN to achieve bounded localization errora @veoorly
informative terrain and using standard, relatiiegxpensive navigation sensc

Magnetic navigatioms currently being tested in simulations usingttital magnetic field da
acquired at the test site and via# followed soon k the execution of experimental tests in
water using a vertical gradiometer towed tMedusaASV.
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