1 don’t like it, Thomson
«. IF wedon't get
somewhere soon ...

[Tt all right! ... Look!...There!
... Tracks of a car!

Quite correct! And they
aren’t a mirage, either !

From Tintin, Land of Black Gold.



1 don’t like it, Thomson
«. IF wedon't get
somewhere soon ...

Meanwhile ... [1t's all right ! ... Look! ... There!

... Tracks of a car!

Quite correct! And they
aren’t a wmirage, either !

Hooray!...More tracks!... A
second car joined the Firstone...

A real stroke of luck
hitting this road .

To be precise:
we've really had
a stroke!

From Tintin, Land of Black Gold.
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Section 2

Motivations
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Motivations

Simultaneous Localization and Mapping

» come back to a previous pose and recognize the environment
» problem: loop closure detection

N seamark

Localization of the
seamark by the robot

Simon Rohou, Michel Legris 15/12/2023 (GT2) 4 / 47
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Motivations

Simultaneous Localization and Mapping

» come back to a previous pose and recognize the environment
» problem: loop closure detection

N seamark 4

V4
A

Localization of the robot
based on the previous
estimation of the seamark

Localization of the
seamark by the robot

p(t2)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 4 / 47
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Motivations

Simultaneous Localization and Mapping

The problem of false loop detections in similar environments.

In Versailles' gardens: similar places. Did we really come back to a previous place?

Simon Rohou, Michel Legris 15/12/2023 (GT2) 5 /47
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Motivations

Underwater robot localization

An underwater robot performing a loop during an exploration:

Robot's trajectory is projected in blue on the seabed.

Simon Rohou, Michel Legris 15/12/2023 (GT2) 6 /47
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Motivations

Underwater robot localization

Typical path involving numerous loops:

Underwater robot performing a survey with a multibeam sonar.

Simon Rohou, Michel Legris 15/12/2023 (GT2) 7/ 47
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Motivations

Reliability of loops

Can we prove that we revisited the same place only from observations?

tion! A fat lot of good it's
Aoing us!

You and your sense of direc-] [ can prove it ... Look! ]

- Pooh ! Another mirage !

| tell you we're all

right. This isa main
rood .

R

- -.

o B S B i

..they are wrong!

Simon Rohou, Michel Legris 15/12/2023 (GT2) 8/ 47
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Motivations

Uncertainties: detection vs verification

Uncertain trajectories enclosed by tubes.

P2

Detectable
loop

Detectable and
verifiable loop

y41

Only one loop can be verified — at least two feasible loops are detected

Simon Rohou, Michel Legris 15/12/2023 (GT2) 9 /47
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Section 3

Looped trajectories
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Looped trajectories

Definitions (Aubry, 2013)

» robot position: p = (z,y)T € R?
> 2D robot trajectory: p(t) : R — R?, t € [to, ty]

> looped trajectory < trajectory that crosses itself

> p(t1) =p(t2), t1 # t2
» 1 loop < 1 t-pair (t1,t2)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 11 / 47
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Looped trajectories

Definitions (Aubry, 2013)

» robot position: p = (z,y)T € R?
> 2D robot trajectory: p(t) : R — R?, t € [to, ty]

> looped trajectory < trajectory that crosses itself
> p(t1) =p(t2), t1 # t2
» 1 loop < 1 t-pair (t1,t2)

D2 123

p(ta) = p(ts)

ty

Simon Rohou, Michel Legris 15/12/2023 (GT2)
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Looped trajectories

Definitions (Aubry, 2013)
» robot position: p = (z,y)T € R?

> 2D robot trajectory: p(t) : R — R?, t € [to, ty]

> looped trajectory < trajectory that crosses itself
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D2 123

p(ta)

D1 L tl
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Looped trajectories

Definitions (Aubry, 2013)

» robot position: p = (z,y)T € R?
> 2D robot trajectory: p(t) : R — R?, t € [to, ty]

> looped trajectory < trajectory that crosses itself

> p(t1) =p(t2), t1 # t2
» 1 loop < 1 t-pair (t1,t2)

D2 123

tpt------ -
|
|
p(ta) |
|

lef===-=- e

L

L

L

L

L

L

e

|

ity e o

I L

I I I

1 Do

d L .
- 1
ta te ta

Simon Rohou, Michel Legris 15/12/2023 (GT2) 11 / 47
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Looped trajectories

Definitions (Aubry, 2013)

> t-plane < all feasible t-pairs = [to, t £]?

» Joop set T*:
> T* = {(t1,t2) € [to, t7]* | p(t1) = P(t2), t1 < t2}

» Joop set of below example:
> T = {(ta,tp), (testy), (tarte)}

D2 to
p(t) =plt) | .
I
|
tef-=-----+ -
I
[
I
[
I
L
4
I
th - [
I [
I I
l o
{ I
D1 L tl
ta te ta

Simon Rohou, Michel Legris 15/12/2023 (GT2) 11 / 47
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Looped trajectories

Computing loops from robot sensors

Context: robot trajectory p(t) cannot be directly sensed.
Computation from speed measurements:

pwzlvmm+m, 1)

0

with v(¢) € R%: robot velocity vector at time ¢ € [to, /).

Simon Rohou, Michel Legris 15/12/2023 (GT2) 12 / 47



Reliable underwater SLAM RESTY-TET 1 LTS T IS

Looped trajectories

Computing loops from robot sensors

Context: robot trajectory p(t) cannot be directly sensed.
Computation from speed measurements:

pwzlvmm+m, 1)

0

with v(¢) € R%: robot velocity vector at time ¢ € [to, /).

Loop-set from velocity:
T* = {(ti,t2) € [to. t7]* | p(t1) = P(t2). t1 < t2} (2)

= {(tl,tg) S [to,tf]Q | :2 V(T)dT =0,t1 < tg} (3)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 12 / 47
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Section 4

Loop detection

Simon Rohou, Michel Legris 15/12/2023 (GT2) 13 / 47
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Loop detection

Bounded-error context
Tubes: sets of trajectories

[x](-), interval of trajectories [z (-), z 1 (*)]
such that Vt € R, 2~ (¢) < =T (¢)

[=]([ta]) at ()

Tube [z](-) enclosing an uncertain trajectory z*(-)

Simon Rohou, Michel Legris 15/12/2023 (GT2)

14 / 47
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Loop detection

Bounded-error context

Actual loop-set T* (error free):

—_ {(t1,t2) [ vy = 0} (4)

t1

Simon Rohou, Michel Legris 15/12/2023 (GT2) 15 / 47
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Loop detection

Bounded-error context

Actual loop-set T* (error free):

—_ {(tl,tz) [ v rar = 0} (4)

t1

Bounded-error context, assuming v*(-) € [v](-):

1= {t | wO e [ vinar=o} 9

t1
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Loop detection

Bounded-error context

Actual loop-set T* (error free):

—_ {(tl,tz) [ v rar = 0} (4)

t1

Bounded-error context, assuming v*(-) € [v](-):

1= {t | wO e [ vinar=o} 9

t1

Set-membership approach:

T* C T C [to, t]? (6)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 15 / 47
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Loop detection

Inclusion function

Simplification:
defining the actual but unknown function f* : R? — R?

£ (1, £2) = /t ® (7)

1

Simon Rohou, Michel Legris 15/12/2023 (GT2) 16 / 47
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Loop detection

Inclusion function

Simplification:
defining the actual but unknown function f* : R? — R?

£ (1, £2) = /t ® (7)

1
Assessed knowledge:
[f] : R — IR? is an interval function of f*:
to

£ (11, 12) € [£](t1, t2) = / ] (r)dr (8)

t1

Simon Rohou, Michel Legris 15/12/2023 (GT2) 16 / 47
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Loop detection

Integral of tubes

Definition: the integral of a tube [z](-) = [#7, 2] is an interval:

b b b b
[](T)dT = x(r)dr | z() € [z]() p = x~ (7)dr, ot (r)dr
a a a a
[Aubry2013]
(2]
b
z=(t) /z (r)dr
a
7% AT 7 /o

blue area: lower bound of the tube’s integral

Simon Rohou, Michel Legris 15/12/2023 (GT2) 17 / 47
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Loop detection

Integral of tubes

Definition: the integral of a tube [z](-) = [#7, 2] is an interval:

/ab[x](T)dT - {/abx(r)dr | () € mo} - [/abx_(T)dT, /1 . mw]

[Aubry2013]

b
/ T (r)dr zt(t)

orange area: upper bound of the tube's integral

Simon Rohou, Michel Legris 15/12/2023 (GT2) 17 / 47
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Loop detection

Reliable approximation of a loop set

D2 2

D1 t

Undeniable looped trajectory

Simon Rohou, Michel Legris 15/12/2023 (GT2) 18 / 47
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Loop detection

Reliable approximation of a loop set

D2 ta

b1 ty

Doubtful looped trajectory
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b1 ty

Doubtful looped trajectory
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Loop detection

Reliable approximation of a loop set

D2 to

P1

Doubtful looped trajectory

VEelf],3teT; |f(t)=0 = 3FteT,|f(t)=0

~
loop existence proof
15/12/2023 (GT2)

Simon Rohou, Michel Legris

tq

(9)

18 / 47



Reliable underwater SLAM EISHI-gCEE] I WA [ IEES

Loop detection

Reliable approximation of a loop set

D2 ta

P1

Doubtful looped trajectory
Proving the existence of loops in robot trajectories

Simon Rohou, Peter Franek, Clément Aubry, Luc Jaulin
The International Journal of Robotics Research, 2018

Simon Rohou, Michel Legris

15/12/2023 (GT2)

ty

18 / 47
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Section 5

Application (loops detections/proofs)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 19 / 47
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Application (loops detections/proofs)
Redermor mission

2 hours experimental mission in Brittany (France)

The Redermor Autonomous Underwater Vehicle (AUV)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 20 / 47
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Application (loops detections/proofs)
Redermor mission

Tube of proprioceptive measurements [v](-):
[v1] (m/s)

East speed velocity tube [v1](+)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 21 / 47
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Application (loops detections/proofs)
Guaranteed computation of the trajectory

pa2 (m)
[e00
[600
[a00
[200
o
p(to) existence
[-200 not proven
-200 0 1200 1400 1600 1800 o (7”)

2d trace of Redermor AUV

Simon Rohou, Michel Legris 15/12/2023 (GT2) 22 / 47
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Application (loops detections/proofs)
t-plane of the mission: T = {(t1,t5) | 0 € [f](t1,t2),t1 < t2}

tz (s)

6000

existence
not proven

0 s 11 (8)

t-plane corresponding to Redermor's mission

Simon Rohou, Michel Legris 15/12/2023 (GT2) 23 / 47
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Application (loops detections/proofs)
Overview and results

p2 (m)
- o
I
hE
[600 I H‘u “
‘ i
v‘“ i
- |
p(ts)
) 5
o —__ existence
not proven
P(tu) existence
[200 not proven
200 0 200 1400 600 800 i (m) ) w0 1 (s)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 24 / 47
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Application (loops detections/proofs)
Overview and results

2 (m) P2

[0 110
100
e o
50
[100 w0
plty)
[200 0
a0
[o an
. 20

P(to) existence
200 not proven 10
o

20 0 120 1400 1600
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Application (loops detections/proofs)
Overview and results

P2 (m) Loop proof number
Without uncertainties:

N o= #{t [ £7(t) = 0,81 < t2}

p(ts)

existence

[-200 not proven

P (m)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 24 / 47
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Application (loops detections/proofs)
Overview and results

P2 (m) Loop proof number

Without uncertainties:

N o= #{t [ £7(t) = 0,81 < t2}

p(ts) Results:

Newton operator test: Ay = 14

existence

[200 not proven

P (m)
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Application (loops detections/proofs)
Overview and results

P2 (m) Loop proof number
Without uncertainties:

N o= #{t [ £7(t) = 0,81 < t2}

Results:

Newton operator test: Ay = 14
Topological degree test: Ay = 24

existence

[200 not proven

P (m)
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Application (loops detections/proofs)
Overview and results

P2 (m) Loop proof number

Without uncertainties:

N o= #{t [ £7(t) = 0,81 < t2}

p(ts) Results:

Newton operator test: Ay = 14
Topological degree test: Ay = 24
existence Truth: )\* _ 21

[-200 not proven

P (m)
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Application (loops detections/proofs)

Another experiment (Daurade AUV)

D2 12
existence T
not proven
B Eﬂ ﬁ T
“ TR il o |
sl PR e e i
550 %% i E w ’ﬁ
. 000 o TH
500 [ &Jn I o
0 500 H L[ 0
00 B T
1000 ’?E H
350 | | "
3500 |
. & Hy
- 3000
=c Iz
2500
.
150
2000, = s I
Ji.:}
100 [
% A
50 I jum|
J s B
i T 1000 ||
[
0
s00
o p(to) » ‘
600 500 400 300 200 100 0 100 1 00 1000 2000 3000 4000 5000 1
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Application (loops detections/proofs)

Another experiment (Daurade AUV)

P2 1o
existence
not proven
3000
a0
550 3500
500 .
a6 \ existonce
not proven
150
3300 A
100 1
350 3200
00
3100
250
3000
0
150 2000
100
500 ‘
50 -
J 20 [ ] IT
- 2600
t —1
o p(to) »
] ETR— T TS N e 121
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Application (loops detections/proofs)

Another experiment (Daurade AUV)

P2 P2
existence
not proven

T

p(to)

600, 500 “i00 ET 200 100 o 100

proy P
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Now that loops are proved with proprioceptive measurements...

! | say... Are you quite sure we're
|90ing in the right direction?
: -"TLEF course ['m sure, q

P4

...it remains to perform localization by adding environment perceptions.

Simon Rohou, Michel Legris 15/12/2023 (GT2) 26 / 47



Reliable underwater SLAM RESTY-TET 1 LTS T IS

Section 8

Towards SLAM

Simon Rohou, Michel Legris 15/12/2023 (GT2) 27 / 47



(Relfetills widlareatear SLAK
Towards SLAM

Experiment (3" December, 2014)

» Daurade: Autonomous Underwater Vehicle (AUV)
» weight: 1010kg — length: 5m — max depth: 300m

Special thanks to DGA-TN Brest (formerly GESMA)
Simon Rohou, Michel Legris 15/12/2023 (GT2) 28 / 47
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Towards SLAM
Experiment (3" December, 2014)

» 3.5 hours experimental mission
» Rade de Brest, Brittany

Location: Baie de Roscanvel — Credits: Shom

Simon Rohou, Michel Legris 15/12/2023 (GT2) 29 / 47
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Towards SLAM

Experiment (Boustrophédon)

7955 1855 765 Bed Bes 4et 'Je5 2e5 165 0 15 265 'Ges 46 5o '6eb /e 85 95 00001000010.0001000

[0.00011
[0.0001
[9e5
[Be5

[7e5

[6es
[5e5 D
[4e5 ~

[3e-5

Multi-boustrophedon pattern
(actual trajectory followed by Daurade)

Simon Rohou, Michel Legris 15/12/2023 (GT2) 30 / 47
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Towards SLAM

Actual positioning drift (40m)

Current Kalman algorithms, from the constructor, are able to filter
the trajectory with GNSS fixes (when surfacing).
— up to 40m of positioning drift after ~1h of deadreckoning

+4.831el Mission trajectory

+4.832e1 Mission trajectory
0.00425
— ins 0.0082
0.00400 * gnss
0.0080
0.00375
0.0078
- 0.00350 -
] 2 0.0076
3 0.00325 g
# 0.00300  0.0074
0.00275 0.0072
0.00250 00070
0.00225 x :’ — ins
; S 5 ; : T 000681 % gnss
-4.5170 -4.5165 -4.5160 -4.5155 -4.5150 -4.5145

longitude (°) —4.517254.517004.516754.516504.516254.516004.51575

longitude (°)

Blue: actual trajectory corrected in forward filtering.
Red: GNSS positions.
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Towards SLAM

SLAM approach: observations of the seabed

Use of a Multi-Beam Echo-Sounder (MBES)

P accurate sensing of the seabed

» main usage: building maps (Digital Elevation Models)

Example of one acquisition track, during the Daurade mission.

Simon Rohou, Michel Legris 15/12/2023 (GT2) 32 / 47
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Towards SLAM
SLAM approach: observations of the seabed

Goal: use bathymetric information for localization purposes

Crossed acquisition tracks (looped trajectories), in case of positioning drift.

Simon Rohou, Michel Legris 15/12/2023 (GT2) 33 / 47
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Crossed acquisition tracks (looped trajectories), in case of positioning drift.
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Towards SLAM
SLAM on seabed roughness (micro-relief)

Which information?
> low frequencies: sensitive to tide effects, or flat environments
» high frequencies: artefacts related to electronic noise (borders
of the tracks)

— approach based on seafloor roughness, such as ripples,
grooves, small rocks...

Left: no correction. Right: the two racks match.
Simon Rohou, Michel Legris 15/12/2023 (GT2) 34 / 47



Reliable underwater SLAM RESTY-TET 1 LTS T IS

Towards SLAM
Bathymetric decomposition

» separate resolution scales

» keep only those that are reliable and descriptive

— use of multilevel B-Splines

Seungyong Lee, George Wolberg, and Sung Yong Shin,
IEEE Transactions On Vizualisation And Computer Graphics, Vol. 3

Application to bathymetry:

Swath decomposition (roscanvel8)
scale 0

No. 3, July-Sept 1997

scale 1 scale 2 Sum of scales
48.323 4§.323 4,323 4$.323
48322 “ a§322 E ap322 ap322 E
48.321 n ap.321 “ ap.321 4p321 “
£ 48320 4$.320 4,320 45.320
: “ " “
3
5 48319 “ 48319 ' 48319 48319 “
48.318 “ 4§.318 " 45,318 < 45318 w
48.317 “ 4§.317 ' 4317 45317 '
48.316 a§.316 4316 4p316
—4521-4520 -4.519 —45521-4.520 ~4.519 —a521-4.520 4519 —a521-4520 ~4519

longitude (°) longitude (°) longitude (°)

Simon Rohou, Michel Legris

longitude (°)

15/12/2023 (GT2)
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Towards SLAM
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Multilevel B-Splines on bathymetric data

)

o
o
S
@

scale 2 scale 1 scale 0
latitude (°) latitude (°.

latitude (°)

sum of scales
latitude (°)

Simon Rohou, Michel

+4.832el Swath decomposition (roscanvell7)

R R S e
0-002 o S e R R e

0.003 +

0.002 +

0.003

0.002

0.003

0.002

Legri:

+4.8324524 —4.522 —4.520 —4.518 —4.516 —4.514

+4.8324524 —4.522 -4.520 -4.518 -4.516 —4.514

+4.8324524 —4.522 -4.520 -4.518 -4.516 —4.514

—4.524 —4.522 —4.520 —4.518 -4.516 —4.514
longitude (°)

s 15/12/2023 (GT2)
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Towards SLAM

Global correlation between two racks (ex: n17 and n8)

Each rack is broken down into cells of 64 x 64 pixels (32m by 32m)

thumbnail correlation level vs roscanvel 17 thumbnail correlation level vs roscanvel 8

0.8 401 0.8

N
o

0.6

N
5}

0.4

=
o

o

N
-
=)

0.2

vertical thumbnail coordinate
N w
S S
o
o

vertical thumbnail coordinate
w
S

T v v T
0 10 20 30 40 0 10 20 30 40
horizontal thumbnail coordinate horizontal thumbnail coordinate

These figures are obtained by correlation of the cells.
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Towards SLAM
Correlation of a couple of cells of two racks

Cell 8/24 roscanvel17

Cell 8/24 roscanvel8

K]
3
k]

vertical pixels

40 50
horizontal pixels.

a0
horizontal pixels.

correlation level 8/24

s o » Correlation: 0.84
5 dx = 0.58m
o dy = -2.53m

0 10 20 30 40
horizontal pixels
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Towards SLAM
Non-correlation of a couple of cells of two racks

Cell 19/25 roscanvel8 Cell 8/27 roscanvell7

vertical pixels

a0
horizontal pixels.

a0
horizontal pixels

correlation level 8/27-19/25

» Correlation: 0.17

vertical pixels

0.0

0 10 20 30 40 50 60
horizontal pixels
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Towards SLAM

Global correlation between two racks (ex: n17 and n8)

thumbnail correlation level vs roscanvel 17 thumbnail correlation level vs roscanvel 8
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These figures are obtained by correlation of the cells.
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Formalism

Inter-temporal measurement in SLAM:
X(tl) + dLQ = X(tg)

x(t) = v(t)

Set-membership approach:

x(-) € [x](-), v(*) € [VI()
t1 € [tﬂ,tg € [tg]
di € [d; 2]
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Towards SLAM
Deadreckoning

— 70,0001 000072 o0

Initial tube before SLAM (inertial/DVL odometry + GNSS fixes).
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Towards SLAM
t-plane of the mission (loops summary)

t-plane [0, tmax]?
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Towards SLAM

SLAM results
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Towards SLAM

SLAM results
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Towards SLAM

SLAM results
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Towards SLAM

SLAM results

Reliable underwater SLAM

using seabed roughness
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SLAM results
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Tubes thickness along time: width(x(t)).
In gray: tubes without SLAM (deadreckoning only). In blue/red: with SLAM in x/y.
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Conclusion

Assets of this approach:

» reliable localization, whatever the roughness/similarities of the
seabed

» localization method efficient even over flat seabeds

Remaining points to investigate:

» need to automatically "clean" the MBES data before the
correlation step

» online SLAM?
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Towards SLAM
Conclusion

— 7a

todo: Build the final DEM of the Roscanvel Baie.
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Section 9

Appendix

Simon Rohou, Michel Legris 15/12/2023 (GT2) 1/4



(Relfetills widlareatear SLAK
Appendix

Tubes: computer representation

Implementation enclosing [z~ (), z" (-)] inside an interval of step
functions [z~ (-), 2% (-)] such that:

VtER, z=(t) <z (t) <at(t) <at(t)

[z]

to

tube implementation with a set of boxes — this outer representation adds
pessimism but enables guaranteed and simple computations
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Appendix
Tubes integral: implementation

Outer approximation of the integral computed by:

/a 'Ly [ / o (1), / bF(ﬂm]

(7]
[Aubry2013]

N
AN
NN

AN
NN

blue area: outer approximation of the lower bound of the tube's integral
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Reliable approximation of absolute speed v*(+)

Robot sensors for absolute speed computation:
» velocity sensor (DVL)

» inertial measurement unit
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Reliable approximation of absolute speed v*(+)

Robot sensors for absolute speed computation:
» velocity sensor (DVL)

» inertial measurement unit

Uncertainties:
» datasheets == standard deviation o for each sensor
» 95% confidence rate: v] € [v1] = [v1 — 20, v1 + 20]
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Reliable approximation of absolute speed v*(+)

Robot sensors for absolute speed computation:
» velocity sensor (DVL)

» inertial measurement unit

Uncertainties:
» datasheets == standard deviation o for each sensor
» 95% confidence rate: v] € [v1] = [v1 — 20, v1 + 20]

2\

0.683

I 0.954 |

v — 20 v — 0 Gl

> uncertainties propagated thanks to interval arithmetic
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