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KKARST : DEFINITION

o A topography formed from the dissolution of soluble rocks such
as limestone, dolomite, and gypsum,

Stream disappears
___underground

Debris (soil,
rock, etc.) _afs

PR

Groundwater
table

o Characterized by underground drainage hydrosystems with
sinkholes and caves.




KARSTOGENESIS

CO, + H,0 & H,CO; & H* + HCO3
CaCO; + CO, + H,0 © Ca* + 2 HCO3

<—— Upper void

Speleogenesis by
phantomization
(ghost-rock models)




KARST : REMARKABLE HIDDEN ENVIRONMENT

o The Largest (known) cave : Son Doong, Vietham (2010)
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KARST : REMARKABLE HIDDEN ENVIRONMENT

o The Deepest (known) cave : Veryovkina Cave, Abkhazia, 2209 m (202
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KARST : REMARKABLE HIDDEN ENVIRONMENT

o The Deepest (known) cave : Veryovkina Cave, Abkhazia
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KARST : REMARKABLE HIDDEN ENVIRONMENT

o The Strangest cave (1) : Cueva de los cristales, Mexico (2000)
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KARST : REMARKABLE HIDDEN ENVIRONMENT
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KARST : REMARKABLE HIDDEN ENVIRONMENT

o The Longest Underwater cave (1) : Sistema Sac Actun, Mexico

. Sz 0:00/0:51

-~

© National Geograph




KARST : REMARKABLE HIDDEN ENVIRONMENT

o The Deepest cave diving: F. Swierczynski, Font Estramar, France
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GROUNDWATER IN KARST SETTINGS

o With carbonate bedrock forming about 15% of Earth’s ice-free
surface, more than 25% of the world’s population either lives
on, or obtains its water from, karst aquifers

GROUNDWATER

= PROJECT

Mission: Making Groundwater Understandable
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GLOBAL WATER CRISIS

o Key facts
77N

Four billion people — almost two thirds of the world’s population — experience
.U,}C severe water scarcity for at least one month each year.
7
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== ¢ Overtwo billion people live in countries where water supply is inadequate.

P

e Half of the world’s population could be living in areas facing water scarcity by as

D
9 early as 2025.
-
=

* Some 700 million people could be displaced by intense water scarcity by 2030.

e By 2040, roughly 1 in 4 children worldwide will be living in areas of extremely
high water stress.

| Why is Groundwater Critical to Solving
' the Global Water Crisis?

The global water crisis is in fact a groundwater crisis because

| groundwater makes up 99% of all liquid fresh water and in times
of drought, groundwater is the only freshwater available in many
regions. Yet much of the educational material needed to solve the
crisis exists behind expensive paywalls and global university programs
are at present inadequate to address the issue.
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GLOBAL WATER CRISIS
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La crisis del agua: no
solo falta inversion,
también necesitamos
nuevas politicas

Dos préximas cumbres mundiales
pucden ayudar a empezar a responder a
los desafios hidricos: la COP27 en Egipto

en noviembre de este afo y la cumbre
del Agua de ONU en Nueva York en
marzo de 2023
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oo Report'; % Emergenza idrica: 1,4 la Rep“bbhca
S%lobal wate.r crisis miilioni dil persone aaee
is threatening muoiono ogni anno
world peace and nel mondo

di Vito de Ceglia

prompting calls for
change

Irischilegati allacqua aumenteranno a ogni incremento di grado del riscaldamento globale.

About 2.2 billion people live Secondo Bcg e Wwf'settore pubblico e privato, istituzioni finanziarie e Ong devono agire con
without access to sa.fely ma.naged un piano condiviso e dare priorita a soluzioni nature-based
drinking water
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paisagem da Galiza
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Drought Touches a Quarter of
Humanity, U.N. Says, Disrupting
Lives Globally Ehe New JJork Times
The crisis, worsened partly by climate change, has been

accompanied by soaring food prices and could have
consequences for hunger, elections and migration worldwide.
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« W

Orovile Lake, California, USA. 2011 vs 2014




WATER AS A WAR WEAPON

As water becomes a weapon of war, we
must focus on cooperation and peace
Peter Gleick

Record increase in water-related violence shows how urgently
we need to reduce these tensions between countries

NEWSECURITYBEAT

the blog of the Environmental Change and Security Program

The Global Challenge of Water’s Weaponization in War:
Lessons from Yemen, UKkraine, and Libya

024 | By Lauren Herze &

Courrier
international

Récit. Des Romains a l'Ukraine, la longue histoire de

'eau comme arme de

n, le barrag

guerre

ge de Kakhovka sur le fleuve Dniepr, dans lesud del craine. a été détruit. (

Se Nlonde

David Blanchon, géographe : « A
I’échelle internationale, les “guerres de
I'eau” ne sont pas une fatalité »

Water for peace, or water for
war? Notes on weaponisation
of water for World Water Day
2024

Revue Défense Nationale 2020/3N°828

= Article de revue

Leau, cause et instrument de guerre ?

Par Alain Lamballe

Propos recueillis par Claire Legros

Pages 75a 80

Evalustion de 1s mise e eves B8 | srrété Gy & mai 2017

Franck Galland

Guerre et eau

L'eau, enjou

des conflits

lien “La Opinion!| Hydraulic warfare is here to stay.
€ NATO should plan for it.

Robe * atfant By Lionel Beehner, Liam Collins and John Spencer ﬁ




TRANSBOUNDARY AQUIFERS AND CONFLICTS
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WATER CONFLICTS

The Southeastern Anatolia Project
(GAP): Between Colossal Economic
Undertaking and Unprecedented
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scarcity of water, triggers violence.
weapon in a violent conflict.

intentional or incidental casualties or targets of violence.

THE WORLD’S WATER

Information on the World's Freshwater Resources

+ “Trigger:" Water as a trigger or root cause of conflict, or underlying cause of ongoing tension that is contributing to conflict,
where there is a dispute over the control of water or water systems, or where economic or physical access to water, or

* “Weapon:” Water as a weapon of conflict, where water resources, or water systems themselves, are used as a tool or

* “Casualty:” Water resources or water systems as a casualty of conflict, where water resources, or water systems, are

Counter-insurgency Tool

The water war between the US
and Mexico

By Devika Rao, Published on 06/27/2024 » THE WEEK.

The U.S. and Mexico are experiencing another border dispute, and this
one is about water. The conflict stems from an 80-year-old treaty
where the countries agreed to share water from the Colorado River
and the Rio Grande. However, because water is in more demand but
scarcer than ever, sharing has not been going to plan.

The Rio Conchas is the most important tributary of the Rio Grande.

Under a 1944 treaty, Mexico provides water 10 the U.S. from the -
Conchos and other Uributaries. In recent years Mexico has fallen 2
behind on its obligations, sparking controversy.
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The Water Wars : India, China and
the Brahmaputra

8y Anya Wahal, Published on December 8, 2022

What the hydrology and geopol

cs of the Brahmaputra River mean for

Water disputes in the Mekong basin

The Mekong is south-east Asia's longest river (around 4 900km). From its
source in Tibet, it flows southwards through the Chinese province of
Yunnan before passing through five south-east Asian countries (Myanmar,
Thailand, Laos, Cambodia and Vietnam). Nearly half of the river s in China,
where it is known as the Lancang. For the 70 million people who live in the
Mekong basin, the river s a vital source of food and water, as well as an
important transport route. Increasingly, it is being used to generate
hydroelectricity. Human activity threatens the river's fauna and flora, and
competition for natural resources is intensifying.

Water: Cause or Pretext for
Conflicts? The Example of the
Tigris and Euphrates

. Published

The Tigris and Euphrates form the fertile crescent of Mesopotamia,
where Neolithic civilization emerged in the 9th millennium BCE.
Today, however, the waters of these rivers are less associated with
prosperity and more with conflicts. Population growth requires
ever-increasing withdrawals from the two rivers to support the
agricultural and hydroelectric sectors.

‘ Geographic elements ‘

The Nile: A Driver of Economic
Development and Geopolitical
Tensions
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Water and Conflicts in the Jordan
Basin

While the Jordan Basin is not as large as those of the Tigris-
Euphrates or the Nile, it is nevertheless the site of perhaps more
frequent and intense conflicts. Originating in Lebanon, the Jordan
River separates Israel from neighboring Arab states, Syria and
Jordan.

Rabinson projection, geographic coordnates,
spheroid WGS84, longitude of central mendian 00
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ROLE OF KARST IN FLASH FLOODS
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KKARST EXPLORATION : CONSTRAINTS

o Exploration of Confined, Unstructured, Subaquatic Environment
e GPS denied -> Undergound GPS : Dirac System © Syera




KKARST EXPLORATION : CONSTRAINTS

o Exploration of Confined, Unstructured, Subaquatic Environment
e No GPS -> Undergound GPS : Dirac System © Syera
e Cable/ No cable?




KARST EXPLORATION : TRADITIONAL / UNCONVENTIONAL TOOLS

o Exploration of Confined, Unstructured, Subaquatic Environment
e No GPS -> Undergound GPS : Dirac System © Syera
e Cable/ No cable?
e Vision or Acoustic ?
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KARST EXPLORATION : TRADITIONAL / UNCONVENTIONAL TOOLS

o Exploration of Confined, Unstructured, Subaquatic Environment
e No GPS -> Undergound GPS : Dirac System © Syera
e Cable/ No cable?
e Vision or Acoustic ?

e Environmental disturbances and complexity
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KKARST EXPLORATION : GLOBAL STRATEGY

o Exploration of Confined, Unstructured, Subaquatic Environment

Vector

Env. Models




IKKARST EXPLORATION : THE ROBOTIC CHALLENGES

o Unconventional Sensors o Control
e Acoustic Skin e Robustness
e Active Umbilical e Co-control,
e Electric Sense e Open-loop stability

e Acc. Interf. patterns as inv. landmarks o Actuation

o Navigation e Reactive redundant A.S.
e Global Navigation System / Mag. Pos. e Variable Geometry A.S.
e No distinction btw nav. sensors / payload e Anguilliform Locomotion
e Acoustic / visual SLAM o Mission Management
e Vacancy Evidence Grids e Management of sensors (acc. jamming)
o Clustering and Saliency Data Analysis e Adaptive Autonomy
o Guidance e GoP & Interval approach
e Autonomous Centring o Technology
e Autonomous Targeting e Active Truncanner, NRJ opt.
e Env. Models on-line building / exploit” e Magnetic Positionning
o Models o Economic
* Multi-modality & Scalability o Evangelization of a Blue Ocean

e Uncertainty Consideration




KKARST EXPLORATION : UNCONVENTIONAL SENSORS

o Acoustic Skin
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* Architecture du réseau
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* Bibliographie

* Simulation k-wave
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KKARST EXPLORATION : UNCONVENTIONAL SENSORS

o Active Umbilical Wireless Communication/localisation
with Burst signal
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KKARST EXPLORATION : UNCONVENTIONAL SENSORS

o Electric Sense

Bl O K TS TR (B o S

Underwater reflex navigation in confined
environment based on electric sense
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KKARST EXPLORATION : UNCONVENTIONAL SENSORS

o Acoustic Interference Paterns as Invariant Landmarks

Sinusoidal acoustic source
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KKARST EXPLORATION : UNCONVENTIONAL SENSORS

o Acoustic Interference Paterns as Invariant Landmarks -> SLAM

Saillant acoustic maxima Detected acoustic maxima




KKARST EXPLORATION : UNCONVENTIONAL SENSORS

o Acoustic Interference Paterns as Invariant Landmarks -> SLAM

Saillant acoustic maxima Detected acoustic maxima




KKARST EXPLORATION : NAVIGATION

o Global Navigation System . SOURCESAINT-ANTOINE .
e IMU (SBG Ellipse D) o e o ‘
- . ; ( PLAN

e DVL (Nortek 1000)
e Pressure Sensor (Blue Robotics)

Siphon 3

Tragectery DVL
/ Siphon 3 ®
- qs“' A ]
1 ‘za.:'
&
\ a2y :
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KKARST EXPLORATION : NAVIGATION

o Acoustic SLAM
e Vertical / Horizontal Scans Fusion
e Scan Matching (point to point and point to plane)
e Graph SLAM and loop closure detection
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[J-22] Yohan Breux, Lionel Lapierre. ‘Elevation Angle Estimations of Wide-Beam Acoustic Sonar Measurements for Autonomous Underwater Karst Exploration’, Sensors, MDPI, 2020,
20 (14), pp.4028, https://doi.org/10.3390/s20144028




KKARST EXPLORATION : NAVIGATION

o Acoustic SLAM, with helicoidal constraints
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KKARST EXPLORATION : NAVIGATION

o Clustering and Saliency Data Analysis
ALy Cond, V10,

f(t°, Cond, V;,, Cq, d(a))?

which maximizes jr——— OQ
SALS(f(S)) over S, W :

S ES | .




KKARST EXPLORATION : GUIDANCE

o Visual Analysis : Centering, Advancement Vector, SLAM, 3D reconstruction

Depth map

(a) Saturation (b) Segmented

(c) Largest blob (d; Resu]t o Dense Optical FIOW



KKARST EXPLORATION : GUIDANCE

o Vacancy Evidence Grid




KKARST EXPLORATION : GUIDANCE

o Environmental Model Consideration
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Fig. 12 Experimental velocity fields from Wang et al. [34] for #=0.175 m and Q = 0.0556 /s (left),
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KKARST EXPLORATION : CONTROL

o Co-control

[C-39] Lasbouygues A., Louis S., Ropars B., Rossi L., Jourde H., Delas H., Balordi P, Bouchard R., Dighouth M., Dugrenot M., Jacquemin E., Vasseur F.,, Lapierre L. and Andreu D.,
‘Robotic mapping of a karst aquifer’, IFAC World Congress 2017, demonstration paper.




KKARST EXPLORATION : CONTROL

o Open-Loop Stability

2 Evolution of the ratio oj(c,)

The actuators characteristicF  vs.r

Actuator 1

Co (PWM)

Actuator 4
Fig. 10. Evolution of the corrective coefficient versus the common motor regime (simulation).

Actuator 3

Forces generated by the actuators [N]
o
n

¢, = @(& " (A" -Fi)+c-1,

e N " X s
0~‘F(10 -50 0 50 100
Actuaters input : common regime r - [PWM]

Fig. 6. Illustration of the actuators' characteristics disparity (simulation).

[J-20] Ropars B., Lapierre L., Lasbouygues A., Andreu D and Zapata R. ‘Redundant Actuation System of an Underwater Vehicle’, in the Elsevier Journal of Ocean Engineering, Volume
151, March 2018, pp. 276-289, https://doi.org/10.1016/j.oceaneng.2017.12.025




KARST EXPLORATION : CONTROL

o Autonomous Centering & Targeting

Fig. 6. Resulting force

[C-39] Lasbouygues A., Louis S., Ropars B., Rossi L., Jourde H., Delas H., Balordi P, Bouchard R., Dighouth M., Dugrenot M., Jacquemin E., Vasseur F.,, Lapierre L. and Andreu D.,
‘Robotic mapping of a karst aquifer’, IFAC World Congress 2017, demonstration paper.




KKARST EXPLORATION : ACTUATION

o Reactive redundant Allocation System and Variable Actuation Geometry

The configuration matrix A is de-

scribed:
u j-thruster A1
. @ (3 o
., G {Body-frame}
N X thrusters are fixed
FI! Fv FW KB
F
: E YE
5 g r,r,r, %

M,, eker(A) & A-M,, =0

A k-dimensional space to explore
redundant solutions

[J-30] Dang, T.; Lapierre, L.; Zapata, R.; Ropars, B. ‘Energy-Efficient Configuration and Control Allocation for a Dynamically Reconfigurable Underwater Robot’, Sensors 2023, 23(12),
5439; https://doi.org/10.3390/523125439.



KKARST EXPLORATION : ACTUATION

o Anguilliform Locomotion & Underwater Swimming Manipulator

ANR ElectroKarst




KKARST EXPLORATION : MISSION M ANAGEMENT

o Management of interfering sensors (Acoustic sensors jamming)

ACOUSTIC SENSORS




KKARST EXPLORATION : MISSION M ANAGEMENT 47

o Adaptive Autonomy / Guarantees of Performance

Leverages
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Actuators, Algorithms...)
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KARST EXPLORATION : MISSION MIANAGEMENT

o (Seeking) for Guarantees of Performance & Interval approach
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KKARST EXPLORATION : MISSION M ANAGEMENT

o (Seeking) for Guarantees of Performance & Interval approach

Guaranteed inner region

0 5 10 15 20 25 30




KKARST EXPLORATION : MISSION M ANAGEMENT

o (Seeking) for Guarantees of Performance & Interval approach

o Global positioning using UGPS

Evolution de I'incertitude de positionnement

—

U-GPS




KKARST EXPLORATION : MISSION M ANAGEMENT

o (Seeking) for Guarantees of Performance & Interval approach
o Global positioning using UGPS
o Application to hydraulic drilling

Evolution de I'incertitude de positionnement

—

U-GPS




THE RKE INITIATIVE : FORCES AT WORK (LIRMM, ENSTA)

o Cartographie garantie, analyse par intervalles

o Recalage par UG-GPS (ISSKA, localisation magnétique)

o Application au forage hydraulique




KKARST EXPLORATION : TERRAIN RESULTS

o Ulysse

Co-contrdle Réactif Polyvalepce
et Robotique
Exploitation de Ia .
Redondance Autonnr]'ue
d’actionnement Adaptative

Commande Orientée
Modéles d’Environnement

Garanties de
Service

Commande S-NGC-A Garanties de Performance

Décomposition Atomique Gestion des
de la Commande Commutations de Modes




KKARST EXPLORATION : TERRAIN RESULTS

o Ulysse, Gourneyras, France




KKARST EXPLORATION : TERRAIN RESULTS

o NavScoot 2

Vertical Profiling Sona
(SeaKing @Tritech)

IHM, Embedded Computer
S Dive Angel @Syera & Reeds

HOTOGRAPHY




TERRAIN RESULTS: FONTAINE DE NiMES, 8/03/2023
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TERRAIN RESULTS: FONTAINE DE SAUVE, 24/05/2023
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TERRAIN RESULTS: SOURCE DU LEZ, 15/03/2023
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SOURCES DU LEZ : A SEMINAL CASE STUDY
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SOURCES DU LEZ : ACTIVE MANAGEMENT OF GW RESOURCE

Source du Lez, Simplifyed Topography

Mazzilli, 2011. Original topography by P. Rousset (G.E.P.S. diving group, 1972)
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TERRAIN RESULTS: SOURCE DU LEZ, 15/03/2023
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TERRAIN RESULTS: FONTANILLES, 15/03/2023
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A VENIR : PORT MIOU, UN SITE PILOTE

RIVIERE SOUS-MARINE DE PORT-MIOU
Cassis / Marseille - Bouches-du-Rhéne

COUPE DEVELOPPEE
Topo CRPS /FFESSM mai 1982
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BILL STONE AND THE SUNFISH

Field Services  Technology

Serious undersea intelligence,
resolving your biggest uncertainties.

Meet SUNFISH, a user friendly and person-portable Autonomous
Underwater Vehicle (AUV) with field proven Artificial Intelligence
(Al) and Simultaneous Localization and Mapping (SLAM).

EXPLORE THE MAP

Built for
extraterrestrial
ocean exploration.
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Exploring Karst with Robots

Exploration Robotics for Confined,
Unstructured Subaquatic Environment

FARO, 26-27 novembre 2024, LIX,
Polytechnique, Palaiseau

lionel.Lapierre@ensta-Bretagne.fr



