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1. Introduction

Processes operating at the air-sea interface
and in the upper ocean mixed layer

. Ls

Observe
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e Oceans are the backbone of
our ecosystem (climate,
weather, fisheries)

e In situ data are needed to
Initialize, correct and validate
oceanographic
models

Forecast




LE.M Introduction: Gliders NURC
: : : N\~

e Gliders are unique in NZ

PARTNERING

the AUV world INNOVATION

GPS + IRIDIUM

data ‘qﬂ
] o 3 )\
missions '

“Gliders require no
propeller and operate in
a vertical saw tooth
trajectory which ensures
a high resolution in data
sampling”

(source: Slocum glider manual) '
| e Varying vehicle buoyancy creates the

forward propulsion

GliderMan

e Challenge of underwater positioning
— Sea currents influence

Reference trajectory

- Real trajectory followed



Introduction: Objectives of the project

e “Can we use a terrain navigation approach
for a long range under ice mission in the
Arctic Ocean?”
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Effective localization and navigation is critical to successful AUV mission

Under ice - Long range mission
GPS fix unlikely
Drift of position estimate
Growing navigation uncertainty
Limited energy budget

The ALTEX AUV (Atlantic Layer Tracking Experiment )
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2. Underwater navigation

e Internal Navigation e External Navigation
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3. Terrain Based Navigation
e Principle
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ENSIETH 3. Terrain Based Navigation: Principle

e Totally autonomous
process

e Developed in 1958 to bound
the error drift of cruise

missile inertial navigation

system
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Nl
i

-"-. Benng strait
Beaufort ? rl‘
s

A Labrador

10’ Arctic bathy map - Resolution 2km - stereographic coordmates
- v L] L}

Arctic Bathymatry (m)

e Oceans seafloor represents a strong

source of information
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3. Terrain Based Navigation: Kalman filter?

e Assimilation of an observation (the depth of
the glider) into the navigation process

feedback control

R =%+ K (3 HY)

Time update Measurement update .
Predict Correct X, a posteriornn state estunate
Dead reckoning process Bathymetric measurement

x, dead reckoning estimate
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Measurement update

z, actual bathymetric measurement

K gam or blending factor
Hx, predicted measurement

Time update

X =AX_,+Bu_, +w_, Minimize the estimate
{; dead reckoning estimate of the state at step & error Covarlance
.{'k_l  posterior probability of the state at step & —1 Pk = E[q(qr] = E[( X, — )’Zk)( X, — )’Zk) T]

B : control input matrix

B , But: the glider has a non linear evolution
A transition matrix

v

. )A(I: = f ()A(k—li uk—liwk—l) P—HT
Hy. - control input - Use of a particle filter: K, =—*—
W,_, : process noise = multi nodal HR( H +R

— non Gaussian R: Measurement noise covariance
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: PARTNERING
e Bayesian framework FOR MARITIME
Time step k-1 Time step k
posterior probability Acﬁon S
P(xey | xg U} -7 PR State ®ad re

-—

Ly

Bathymetric _
observation —k-1

Prediction step

P Update step

L Bathymetric 2 We want to establish
observation the posterior
Likelihood function probability of the
state vector given
the latest
observation

|




ENSIETAH 4. TBN — Particle Filter: principle NURC

Bathimetric o\bs;ervation \ %
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Update
a. ,Z.)._.
Prediction PO [ % 1% )J 1k
p(Xk |X0’aj ’ZJ )j:l;k—_’]_

(Xk |XO ’aj ’Zj )jzl:
P(Z %012} )25

p(Xk |X0’aj ’Zj )jzl:k -

e Estimation of the likely position of the glider:
weight distribution + re-sampling process

Peoatdty fas Leckn




ENSIETH 4. TBN — Particle Filter: Prediction Step NURC

Voo =V Va Vo) \%

0.0
Attitude sensor >
: 2 PARTNERING
Rotation =077 — ($.4) FOR MARITIME
v, w | matrix | 7T M INNOVATION
Electronic compass —————* f
AV ¢l0)
-Ds 7 l"z AIIO‘!
Depth sensor “ ) z10)
dt Z
Complementary _
Filter . -

o pro;ectlon forward In time using a kinematics model

| Time step k-1 Tl me step k
= L posterior probability AC’fon
Horizontal plane, xy P, | X%.,. ) P,
Sy , »
Bathymetric _ |
observation —if-l‘_-' l
East, x < .':

Depth, z [ |
X 1 ATO O X 0 AT? AT 0 0
X O 10 O |fx+u AV, AT 1 0 0

a2 )., = +| 7 [+chol (W,
p(xk |X0 j j )]—l.k —> y O O 1 AT y 0 ( k 0 0 ATz AT )

Yuw O 0 0 1){y+v) AVy 0 0 AT 1



ENSIETA P 4. TBN — Particle Filter: Update Step NURC

e Update the weight of each particle given the likelihood between: \%

the bathymetric measurement PARTNERING
. FOR MARITIME
depth seen by each particle s INNOVATION
ad ,
S Kon,
| | | ffie VeCl?ngi Stimay Update step
— e . red-'ct rhes;s n - N
R )R N step Prior probability
L = o k I P | % €42 )40
; T e * Ime step &
e R B EFAEERsEEsiTiaNEse R 5 N - . 5 . il.‘--_ = LL[

Bathymetric _

é— c_ ) . _ 210K U -'k
- L Likelihood function W

We want to establish the

Tt -"l'-:_-’-_.‘_-_:--_;--—'-'-'-'- " e M, "oy T posterior probability of the state
- . ) ) vector given the latest
: T = ; . ) : : = observation p(x, [xg,¢;.2;) 0,
. LI kel I h OOd fu n Ctl O n Glider trajectory - iterations K = 9014 "Welght gistahuttonc Liechogd: funition
-(2-7i)? i : e
e 2. Jbathy

p(z, %)= ——r
\/ZT'O-bthy .

e International Hydrographic
organization (IHO) — S44
order 2

1
Opatnyrvu = E\/lz +(0.02% §
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4826
4824
4822

482
4818
4816

4814

accuracy

precision

4812

48

TBN — Particle Filter: Re-sampling State estimati  on
Real position N
' Wz
e Mean: Zx="%
22

Z,- : estimated depth =

W . weight attributed to particle i

Z :depth at particle “i” 's location

Fatls | e postuney s ated, o e

e \ariance: describes how far values lie from

the mean

varZ)=(z -z 2,-Zy¢ ...

Particle filter - no resampling - weight distribution

w 0 z-2
2 -2 W, Z,~ 7 4
0 Wy )\ Zy — Z¢ "“""."."

e re-sampling prevents high

at a few particles

L .
0 05 1

15 2 25 3 35 4 45 5
particle number § 105
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concentration of probability mass



ENSIETH 4. TBN — Particle Filter: Simulation principle

1.  Generation of a reference trajectory

2. Generation of a global ggadgekoning trajectory with “virtual”

meagurements (attitude, heading, Pressure): cays 13n st
3. Generatlon of a trajectory constrame%@@ﬁ urrents Last wpt
-50 x 10° Terrain Navigation - Ligurian sea
4X 10° P artl |gu!% sg-gai I 'lt::uerrernt gr)nyglltudgﬂrgtlon %r%ﬂ'etra eCtO ry
°curre tamplt ude :
o Comene H -— Reference trajectory
) *"';jm o e, cbion) Nearl rankoning

5.4

Easting (m)

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Amplitude (m/s)

-2500 -2000 -1500
Bathymetry (m)

NURC

S

PARTNERING
FOR MARITIME
INNOVATION




ENSIETH!] NURC
N2

PARTNERING
FOR MARITIME
INNOVATION

e Mission endurance depends highly on the capacity and usage of
batteries Bu

5. Energy Budget

N -
il

e Tradeoff decisions between
energy consumption
Sensing
data processing
communication activities

WET Labs ECO-Puck

ary::-a

4.89

X(m)

. 4802 48
Section Payload Bay Section . 4.798



distance (m)

ENSIETA 6. Simulations: Arctic cressiing NURC
e Arctic crossing: Slocum deep \ %

glider (1000m)

| D=1749.05 (Km)

eci TGN PARTNERING
Mission spemflcatlons. FOR MARITIME
- 7 waypoints INNOVATION

- pitch angle: 26 degrees
- diving target depth: 2000m (when possible)
- climbing target depth: 400m : ]
-1 pings per dive / every dive |
~ 165 days of submerged
mission under the ice

e Particle filter accuracy results

x 10° Particle filter convergence parameters - observation cycle : 1
ASr——————— T T T T T T T
. . . . . —F— ?uclidian distancd‘_\

Realposition =~ |[HEEEE. mean = 4627.89 (m) & |

it

L .. G o N T ‘ £ RPN =3 s
0 200 400 600 800 1000 1200 1400 1600
bathymetric obsenation number

1600



distance (m)

e Arctic crossing: very deep
water glider (4000m)

Mission specifications:
- 7 waypoints
- pitch angle: 26 degrees
- diving target depth: 4000m (when possible)
- climbing target depth: 400m
-1 pings per dive / every dive
~ 165 days of submerged
mission under the ice

6. Simulations: Arctic crossing very deep water glid er NURC

YO behavio

N
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e Particle filter accuracy results

x10° TRN-PF estimated position accuracy

T o — E— I—— e - ——wwmsee | o Particle filter precision results

i mean = (‘5107.83 (m)
! Real POSltlon standard, deviation = 6122

£, R
1{ ~

% 10° TRN-PF estimated position precision

N
o

crosstrack uncertainty [m]

N

alongtrack uncertainty [m]
N

bathymetric observation number




6. Simulations: Arctic crossing
Energy consumed

e Slocum glider (1000m)

Energy consumed repatrtition
Other = 6235.51 kJ

Other - low consumption sensors

Pinger = 5_1.787 kJ

Energy [I

Echo sounder = 1134.70 kJ

p = 4866.00 kJ
vehicle controler = 2670.21 kJ

e Very deep water glider (4000m)

Energy consumed repartitl Other - low consumption sens

vehicle controle

Other = 6469.38 kJ

Echo sounder = 401.80 kJ

St pump = 1822.50 kJ 2 = 2199.21 kJ

12
02.69
é%llence payloac
10000 —f

2785.66 kJ -
Pressure s¢ 3™

Attitude sens "
Pinger = 18.37 k  *
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Energy availabe/Energy consur




Ensierad Conclusion

e “Can we use a terrain navigation algorithm for a long
range under ice mission in the Arctic Ocean?”

e Simulation results show that the TBN principle
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using a particle filter seems to be a perfect tradeoff

to m e et : _ Gilider strajectory

Accurate navigation
Limited endurance

Low cost technology




ENSIETR ﬂ Conclusion

an accurate, precise and independent positioning estimation process

R

a limited endurance
a low cost technology

The patrticle filter works in a Bayesian framework

INSTRN-PF (oompanscs - posioaang W aumey cvolios

A tracking process “independent of time”

Start

Ability to detect fake track

Twtaie Vibe poclicetng we erteets evodeben

End

@ s

Accuracy and Precision of the particle filter navigation
estimation are linked to:

- The resolution of the bathymetric chart

- The unique variability of the seafloor

NURC

i
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o

O TBN-PF -,




Conclusion

an accurate, precise and independent positioning estimation process
a limited endurance

a low cost technology
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mission endurance

Most of gliders operates solely on battery power

capacity and usage of batteries

Terrain Based Navigation: a perfect low energy consumption navigation solution
- Tracking process => possibility to plan the pinging policy
- Re-initialize the dead reckoning process

Energy consumed repartti

Glider'strajectory

8 o
o

Other = 6469.38 kJ

-4000, e

Energy availabe/Energy consur

Echo sou
St pump = 182

[wa

sion)

(

i J! : 1 1 :H —— i W
' “Procéssing unit-Z5W.+.pinger 2kW'(16 ‘ms) ™



Y (m)

Energy consumption of an inertial navigation system: 158 days simulation

x 10° Arctic bathy map - Res
L T T

5. Energy Budget: Integrated Navigation System

olution 2km - stereograploiordinates
3] T T T

T
,@“ e e -160°
5 wi g A
N S
140° i . —

M

160°
4
4

I ——————
=
-

-5000 -4000 -3000 -2000

_ _1009
e
|
25
X (m) x10°
T
| | | |
-1000 0 1000 2000 3000 4000 5000

Arctic Bathymetry (m)

Energy consumed repartition

DVL = 100226.03 kJ

U = 37584.76 kJ

Echo sounder = 1921.50 kJ
Ballast pump = 2745.00 kJ

Other = 5600.27 kJ

elficle controler = 2380.37

Other - low consumption sensors

- IMU Kongsberg MRU-Z:
consumption 3 Watts

- DVL RDI workhorse Navigator:
consumption 8 Watts
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the use of an Inertial Navigation System
remains very “expensive”. 160 MJoules

= some 37 days of laptop energy
requirements

=> glider’s battery (7800 KJoules) would be

able to provide 1.5 day of laptop autonomy

Pressure sensor = 626.41 kJ

Attitude sensor = 626.

Pinger = 87.84 kJ

e payload = 1879.24 kJ

Energy availabe/Energy consumed




ENSIETA EﬁﬂJ Conclusion

an accurate, precise and independent positioning estimation process

a limited endurance
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TRN-PF / INS qualitative comparison
‘ — TRN-PF ——INS
Space Energy short term accuracy
TBN-PF
weight/size. \ _~ midle term accuracy
Ballasting "
cost” o long term accuracy
energy consumption
Outcome
The TBN-PF is:

- a promising independent navigation estimation process for a long range under ice mission

However:
- the bathymetric data collected must be accurate
- a classical glider has not been able to load a low frequency single beam transducer
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e Implementation of a 3D dynamic model

e Develop the energy budget study: processing energy consumption

Likefinood fnctionr .. =5° ’Ubathy = 25m (2000m OHI s44)

| | e Incorporate data from
Q0 0y magnetometer in the
i o N navigation process
(update step)

~(z-2i)? -(6-6)
2

2
Z'Ummy

e Test the Terrain Based Navigation in Ligurian

Sea distance(pcspppostme} = 157.49 (m)
dist(Z,.Z,,,0) = 0.50148 distance(posg pos, ) = 14434.76 (m)
TS ) e m———— 2 \ T T
‘ ‘ ! TRN-PF
-800| — 44— - —meangh ! .
true 1.5,,,,:,, ....................... —_—
1000 — <\t = = = = -~ |
P ! E ! 5/"
R 1] E i PR LA @ |
= o qH--t1__
= | % |
8 -1400F - - - —|- [H- - -k - - - - - ki |
=]
| |
216001 - - 4 -t L4 - o - 05H - -~ - -~ e i :
| | | | rad
| | |
18001 - — v e |
| | | | | |
! ! ! ! o Wﬂ“\«m s
0 1 2 3 4 5 0 1 2 3 4 5
time (s) X 10° time (s) X 10°
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confidence level at 95% (m)

Depth [m]

4. TBN — Particle Filter: Depth measurement uncertai

Total vertical uncertainty

nty abathy

NURC
N\

PARTNERING
FOR MARITIME
INNOVATION

“wiey’ e on iy

-80

a0

+H

-90

° " i " " . yspec\aj or'der i " I t t. | h 1
. | e [nternational Hydrographic
R I R VAN order 2 i i
i I [ i ok — -1 1o/l . .
| | | | | | | |
e L organization (IHO) — S44
| | | | | | | |
R e e 1T I I I I g
I I I I B ——d———m ==+ o/~ A~ — —
| | | | £ | | | |
A T
I I I I 26777\777\777\77\7777 = ((\
Vs S A S R B it
e e e Al Rl H I | I I
| | | | 2 | | | @.
| | | | 847777\777\777\7777\7777
| | | | | | | | 0e
0F —— 4= — === =+ — =~ — — — I I I I
| | | | | | | | ™
| | | | | | |
| | | | 2,,,,‘,,,‘,,,‘,,,,‘777, 5
W - — 4 - — ——— -~ — | | | | e
| | | | i | | | o
| | | | | | | |
- | | | | |- | | | |
0 I I I I 0 I I I I
0 100 200 300 400 500 0 100 200 300 400 500 ’_/‘\__,,_7-*\‘
Depth(m) Depth(m) = ,41‘" 5
Jbathy - max(abathyWU ’JbathyTHU gradlentmap )
Bathymetric measurement £
40 (meeeseeennenseny ORI LT  bel il Lol il bbb L L LI ALY il kbbbl btk sk B R SR e LU LI ALY ' g
: ——— bathymetric profile é
: : : ---4-- glider's Depth measurements S
73] IO eeneeennnannns S R PR S TVU uncertainty 95% =
: & THU uncertainty 95%
: : Easting [m]
1| IO I S—— (U S 0, [UU— L. .
E . E i L k= 22/74, 4159.83/3750.00, Redist = 2 - Observation cycle : 1
i, | O— s ................ : : : :
; : Strong bathymetric gradient
=> Significant THU contribution
£+
' — - : )
K 1 No bathymetric gradient :
== THU contribution =0
00 e b :
e ST Y : :
10 i 1 i 1 1 1 J
503 5.035 5.04 5.045 505 5.055 506 5065
X(m) 5

100



e Influence of pinging policy on positioning
accuracy

e Dbroadcasting a ping
requires energy (32
Joules)

o different simulations
with different
broadcasting policies
have been run

High uncertainty on depth measurement

6. Simulations

=> Higher confidence given to dead

NURC
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Influence of pinging policy on positionning accuracy

T T T ik L

3 pings per dive - every dive

1 ping per dive - every dive

—— 1 ping per dive - every 5 dive

3 pings per dive - every 5 dive ||

dead reckoning

reckoning
. . Standard
. . N . Time needed Number O.f pIngs Mean distance deviation

Simulation # Pinging policy to until " .

" " to real position distance to real

converge convergence .

position

simulation 1 | 3 pings / every dive 5 hours 21 892 m 968 m
simulation 2 1 ping / every dive 10 hours 14 1185 m 1474 m
simulation 3 3 pings / every 5 dive 23 hours 21 2425 m 2344 m
simulation 4 1 ping / every 5 dive 48 hours 13 2076 m 2150 m

Low confidence on depth
measurements => more
significant weight given
to the dead reckoning



North Velocity Uncertainty [m/s]

15+
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| |
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East Velocity Uncertainty [m/s]

Time [s]
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Y 6. Simulations: comparison TBN-PF / Inertial Navigat  ion System N U R C
| | | NZ:gliz_::n T Algorithm of joint Ii;{;'ﬁi;};';'.il'&""""I""E . \ J
e [nertial Navigation System : RTINS o[ TR
E NED :: > j NED _'_/'\ ! J' _;—’/1
oo | £ N " : |PARTNERING
. _ ABEN T&'m to| FOR MARITIME
Inertial Measurement Unit : H olo) | |i INNOVATION
. . i Ec ' L - KALMAN 2(0) :
Position uncertalnty - IMU H g T Cuv FILTER \P) :
45 , : ' virL z(0) :
; u.v u':: AVum D - :
¢ DVL [——H > :
> oS 20 i | COMPLEMENTARY |« i '
E 3 g FILTER :
§ S N S A S ¥ AR T B e Lo L T P eI DO R,
é 2 IXSEA ROVINS positioning performance:
% 15 No aiding for 1 min/2 min => 1.5 m/6 m
' vel ocity (k) eIOC|ty (k 1) accel eratlonAT
0.5
0 posmon (k) O-positi on (k 1) eIOC|ty (k 1)AT
Time ['S] T T Inertial Navigation System - Uncertainty evolution
Doppler Velocity Log aided Inertial Measurement Unit " |
, Ngnh vglocity grrors - Dvl/IMU , East velocity errors - DVL/IMU :
] I e 7:”’7: ¥ gv:iwnh DVL || 15 7:[:’\:V:iwim DVL ;

uncertainty ellipsoid growth
5 hours simulation at a 5Hz sampling



