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Robots for Ocean Exploration

Summary:

Ocean exploration: scientific challenges

The need for marine robots: technical challengesg

Th d P ti i l d lti l hi lTheory and Practice: single and multiple vehicle 
control



Single and Multiple Vehicle Control

Path FollowingPath Following

Coordinated Path Following

Underactuated vehicles
Switching communication topologies

CoordinationCoordination withwith LogicLogic‐‐basedbased CommunicationsCommunicationsCoordinationCoordination withwith LogicLogic basedbased CommunicationsCommunications



Sea:  the Ultimate FrontierSea:  the Ultimate FrontierSea:  the Ultimate FrontierSea:  the Ultimate Frontier

Lucky Strike 1700 m

Explore the Ocean

Advanced technology is mandatory

Future: Networked Mobile/Fixed
Sensors



Marine data acquisitionMarine data acquisition

Adequate 3Adequate 3--D D 
t l d ti l lit l d ti l litemporal and spatial samplingtemporal and spatial sampling

Open seaOpen sea

Deep oceanDeep oceanDeep oceanDeep ocean

Coastal areasCoastal areas



“Classical” MethodsClassical  Methods

DiversDiversDiversDivers

Divers Divers -- restricted coverage; dangerous.restricted coverage; dangerous.
H d t f d tH d t f d tHard to georeference data.Hard to georeference data.



“Classical” MethodsClassical  Methods
Research Research 
VesselsVessels

Vessels (tool par excellence) Vessels (tool par excellence) --
Poor maneuverability; poor 3Poor maneuverability; poor 3--D + time coverageD + time coveragePoor maneuverability; poor 3Poor maneuverability; poor 3--D + time coverage.D + time coverage.
High operation costs. High operation costs. 



“Semi Classical ” MethodsSemi‐Classical   Methods

Manned SubmersiblesManned Submersibles
(direct observation of (direct observation of 

th d )th d )the deep sea)the deep sea)

Nautile, IFREMER, FRNautile, IFREMER, FR

LULA Rebikoff FoundationLULA Rebikoff FoundationLULA, Rebikoff Foundation, LULA, Rebikoff Foundation, 

Azores, PTAzores, PT



“Semi Classical ” Methods

Glimpses of amazingGlimpses of amazing

Semi‐Classical   Methods

Glimpses of amazingGlimpses of amazing
underseaundersea

adventuresadventures

Limited ocean coverageLimited ocean coverage

Jeopardize human livesJeopardize human livesJeopardize human lives Jeopardize human lives 

High operation costsHigh operation costs



“Modern” MethodsModern  Methods

ROVs ROVs –– Remotely Operated Remotely Operated 
VehiclesVehiclesVehiclesVehicles

TITANICTITANICTITANICTITANIC

The small  companion ROVThe small  companion ROV

( i bili l)( i bili l)(carrying an umbilical) (carrying an umbilical) 



“Modern” Methods
ROVs ROVs –– Remotely Operated Remotely Operated 

VehiclesVehicles

Modern  Methods

VehiclesVehicles

Present trend:Present trend:

To free the endTo free the end--user from the user from the 
tedious task of direct vehicle tedious task of direct vehicle 

titioperation.operation. Romeo (IT)Romeo (IT)



“Modern” MethodsModern  Methods

AUVsAUVs Autonomous UnderwaterAutonomous UnderwaterAUVs AUVs -- Autonomous Underwater Autonomous Underwater 
Vehicles (cut the umbilical!)Vehicles (cut the umbilical!)

High maneuverability High maneuverability 

AutonomyAutonomy

Automatic execution of tedious tasksAutomatic execution of tedious tasks



“Modern” MethodsModern  Methods

ASCASC A S f C fA S f C fASC ASC -- Autonomous Surface CraftAutonomous Surface Craft

High maneuverability High maneuverability 

AutonomyAutonomy



“Modern” Methods
2 back thrusters
2 bow planesFreesub Freesub 2 bow planes
2 stern planes
2 stern ruddersNetwork, ECNetwork, EC

ALIVE (FR)ALIVE (FR)

Intervention AUVs

AUV-like (no umbilical)
Bluff bodyBluff body
Hovering / Intervention 
capabilities



“Future” Trends

Sampling networksSampling networks –– fixed and moving fixed and moving 
it (Di Fl ti d i M dit (Di Fl ti d i M dunits (Divers, Floating devices, Moored units (Divers, Floating devices, Moored 

equipment, Inhabited submersibles, Ocean equipment, Inhabited submersibles, Ocean 
vessels, ROVs, AUVs, ASCs, Benthic vessels, ROVs, AUVs, ASCs, Benthic 
stations)stations)stations).stations).



Sampling Networksp g

Key Issues: Communications, Information,Key Issues: Communications, Information,

Decision, Control.
Stepping stones:Stepping stones:

Single and coordinated 

vehicle controlvehicle control

The ASIMOV concept

MAST-III, EC MONAZ PT USAMAST III, EC MONAZ, PT-USA

Office of Naval Research



Control Problems (AUVs)Control Problems (AUVs)Control Problems (AUVs)Control Problems (AUVs)

Speed, Heading, and Depth ControlSpeed, Heading, and Depth Control

Bottom Following (Terrain Contouring)Bottom Following (Terrain Contouring)

Trajectory Tracking and Path FollowingTrajectory Tracking and Path Following

Control at very low depth (under the influence of sea waves)Control at very low depth (under the influence of sea waves)



A word about T Tracking and P FollowingA word about T Tracking and P Following 

Trajectory TrackingPath following jec o y c g

• Time and space reference 
trajectory

o ow g

• Reference path given in a time-
free parameteri ation trajectory

• The vehicle may turn back in 
its attempt to be at a given 

f i t t ib d

free parameterization
• Constant forward velocity
• ‘Smoother’ convergence to the 
path reference point at a prescribed 

time
Reference 

path

Reference path
trajectory

p

ibl

Space x TimeSpace x Time

Possible 
vehicle 
trajectory

SpaceSpace Space x TimeSpace x TimeSpaceSpace



AUV Path FollowingAUV-Path Following 

AUV Path Following in the presenceAUV Path Following in the presenceAUV Path Following in the presence AUV Path Following in the presence 

of an unknown ocean current (“flying crab”)of an unknown ocean current (“flying crab”)



Control Problems (ASC)Control Problems (ASC)Control Problems (ASC)Control Problems (ASC)

Speed and Heading ControlSpeed and Heading Control

Trajectory Tracking and Path FollowingTrajectory Tracking and Path Following

(in the presence of wind currents and ocean waves)(in the presence of wind currents and ocean waves)(in the presence of wind, currents, and ocean waves)(in the presence of wind, currents, and ocean waves)



ASC Path FollowingASC-Path Following 

ASC Path Following in the presence ASC Path Following in the presence 

of an unknown ocean current (“flying crab”)of an unknown ocean current (“flying crab”)



Control Problems Control Problems 
(ROVs and “ROV(ROVs and “ROV--like” AUVs)like” AUVs)(ROVs and ROV(ROVs and ROV--like  AUVs)like  AUVs)

Speed, Heading, and Depth ControlSpeed, Heading, and Depth Control

Bottom Following (Terrain Contouring)Bottom Following (Terrain Contouring)

Point Stabilization and HoveringPoint Stabilization and Hovering

Path FollowingPath Following



Point Stabilization

Objective: steer an underwater Objective: steer an underwater 

vehicle to a target point, with vehicle to a target point, with φ
{    } xUU

a desired orientationa desired orientation
roll

xB

yBθψ

zU

yU {    }B

pitchyaw yB
zB
ψ



Point Stabilization



Point Stabilization with currents

Vc



Control Problems (Intervention AUVs)Control Problems (Intervention AUVs)Control Problems (Intervention AUVs)Control Problems (Intervention AUVs)

Speed, Heading, and Depth ControlSpeed, Heading, and Depth Control

Bottom Following (Terrain Contouring)Bottom Following (Terrain Contouring)

Path FollowingPath Following

Point Stabilization; Hovering; Manipulation; GraspingPoint Stabilization; Hovering; Manipulation; Grasping



Coordinated Motion ControlCoordinated Motion ControlCoordinated Motion ControlCoordinated Motion Control

Joint Path Following while keeping interJoint Path Following while keeping inter vehicle geometricvehicle geometricJoint Path Following while keeping  interJoint Path Following while keeping  inter--vehicle geometric vehicle geometric 
constraintsconstraints
Motion  control  in the presence of severe acoustic communication constraints Motion  control  in the presence of severe acoustic communication constraints 
(multipath, failures, latency, asynchronous data acquisition, reduced (multipath, failures, latency, asynchronous data acquisition, reduced 
communication bandwidth; NETWORKED CONTROL SYSTEMS)communication bandwidth; NETWORKED CONTROL SYSTEMS)



Coordinated Motion ControlCoordinated Motion Control

ASC

Coordinated Motion ControlCoordinated Motion Control

ASC

AUV 

Surface and underwater vehicles required to 
operate in a master / slave configuration



CommunicationsCommunications

Underwater  Communications Underwater  Communications –– very hard!very hard!U de ate Co u cat o sU de ate Co u cat o s e y a de y a d



Underwater CommunicationsUnderwater CommunicationsUnderwater CommunicationsUnderwater Communications

Transmit in the ertical !Transmit in the ertical !Transmit in the vertical !Transmit in the vertical !



Coordinated Motion ControlCoordinated Motion ControlCoordinated Motion ControlCoordinated Motion Control

Autonomous Surface
Craft (ASC)

Support Ship
Unit (SSHU)

Radio Link
Radio Link

Radio Link DifferentialGPS
- Mobile Station -DifferentialGPS

- Reference Station -

Radio Link

low baud rate acoustic
communication link

(emergency commands)

Shore Station
Unit (SSTU)

GIB System
(b 1 f 4)

low baud rate acoustic
communication link
(commands/data)

high baud rate acoustic
communication link

(data)

Autonomous Underwater
Vehicle (AUV)

(buoy 1 of 4)

Doppler
log

Scanning
sonar

( )

The ASIMOV concept 
(project ASIMOV, EC - 2000)



Coordinated Motion ControlCoordinated Motion ControlCoordinated Motion ControlCoordinated Motion Control

Marine Habitat Mapping using multiple vehicles (Azores)Marine Habitat Mapping using multiple vehicles (Azores)



Coordinated Motion ControlCoordinated Motion ControlCoordinated Motion ControlCoordinated Motion Control

Two AUVS carrying out a joint survey operation



Coordinated Motion ControlCoordinated Motion ControlCoordinated Motion ControlCoordinated Motion Control

AUV Fleet –
Methane gradient  “descent”

Methane plume

Deep water hydrothermal vent

et a e p u e

The quest for midThe quest for mid--water column hydrothermal vents, Azores, PTwater column hydrothermal vents, Azores, PT



How it all started at IST (1998) How it all started at IST (1998) -- ASIMOVASIMOV

Theoretical problems: key issuesTheoretical problems: key issues
Dream “Reality” (IST-NPS mission)

Coordinated Path FollowingCoordinated Path Following while keeping  interwhile keeping  inter--vehicle vehicle gg gg
geometric constraintsgeometric constraints

Motion  control  in the presence of severe acoustic Motion  control  in the presence of severe acoustic 
i ti t i ti ti t i t ( lti th f il l t( lti th f il l tcommunication constraintscommunication constraints (multipath, failures, latency, (multipath, failures, latency, 

asynchronous comms, reduced bandwidth...)asynchronous comms, reduced bandwidth...)



Joint ISR / NPS mission in the AzoresJoint ISR / NPS mission in the Azores

The ARIES AUV (USA) and the DELFIM ASC (PT)The ARIES AUV (USA)  and the DELFIM ASC (PT) 



Joint ISR / NPS mission in the AzoresJoint ISR / NPS mission in the Azores

The ARIES AUV (USA)  and the 
DELFIM ASC (PT)DELFIM ASC (PT) 

exchanging data over an
acoustic link



Joint ISR / NPS mission in the AzoresJoint ISR / NPS mission in the Azores

The ARIES AUV (USA)  and the DELFIM ASC (PT) ( ) ( )
exchanging data over an acoustic modem



Joint ISR / NPS mission in the AzoresJoint ISR / NPS mission in the Azores



Path Following

Inspired by the work of Inspired by the work of Claude Samson et alClaude Samson et al. for wheeled robots. for wheeled robots

A. Micaelli and C. Samson  (1992). Path following and time-varying 
feedback stabilization of a wheeled robot. In  Proc. International 
Conference ICARCV’92 SingaporeConference ICARCV 92, Singapore. 

. Use forward motion to make the robot track a 
d i d d fildesired speed profile.

Compute the closest point on the path. Compute the closest point on the path.

. Compute the Serret-Frenet (SF) frame at that point.

. Use rotational motion to align the body-axis with the SF 
f ame and ed ce the distance to closest point to e oframe and reduce the distance to closest point to zero.



Path Following
Important related work

R. Skjetne, T. I. Fossen,

“Rabbit” moving 
along the path j , ,

P. V. Kokotovic.
Robust output maneuvering for a 
class of nonlinear systems.
A t ti 40(3) 373 383 2004Automatica, 40(3):373—383, 2004.

Avoiding Singularities!Avoiding Singularities!

“Nonlinear Path Following with Applications to the Control of
Autonomous Underwater Vehicles,” L. Lapierre, D. Soetanto, and A.

Avoiding Singularities!Avoiding Singularities!

Autonomous Underwater Vehicles, L. Lapierre, D. Soetanto, and A.
Pascoal, 42th IEEE Conference on Decision and Control, Hawai, USA,
Dec. 2003



Coordinated AUV / ASC behaviorCoordinated AUV / ASC behavior

( R Hi d d J H M M d f d T T k
Exploring an elegant concept introduced in Exploring an elegant concept introduced in 
(in R. Hindman and J. Hauser, Maneuver Modified Trajectory Tracking, 
Proceedings of MTNS’96, International Symposium on the Mathematical 
Theory of Networks and Systems, St. Louis, MO, USA, June 1992)

Solution is 
too 
complex!

Too much
d t

“Combined Trajectory Tracking and Path Following: an Application to the
Coordinated Control of Autonomous Marine Craft,” P. Encarnação and A.
Pascoal, 40th IEEE Conference on Decision and Control, Orlando, Florida,

data 
exchanged 
between 
the vehicles , , , ,

USA, Dec. 2001the vehicles



Coordinated Path FollowingCoordinated Path Following (a fresh start)gg (a fresh start)

PATHS (HIGHWAYS TO BE FOLLOWED)( )

Initial configuration

R h (i li )Reach (in-line) 
FORMATION at a 

desired speed

Lv !



Di id C A hDi id C A h
IN-LINE FORMATION

Divide to Conquer ApproachDivide to Conquer Approach
Each vehicle runs its own 

PATH FOLLOWING
controller to steer itself to the path

Vehicles TALK and adjust their
SPEEDS in order to COORDINATE

themselves (reach formation)f p themselves (reach formation)

Coordination errorCoordination error



C di ti t t /C di ti t t /Coordination state / errorCoordination state / error

Coordination error
(in-line formation): 12s( )

2s

12 1 2s s s= −

Path lengths and

1s

Path lengths    and    1s 2s



Coordinated Path Following  (using the “interCoordinated Path Following  (using the “inter--
bbit” di t )bbit” di t )rabbit” distance)rabbit” distance)

L. Lapierre, D. Soetanto, and A. PascoalL. Lapierre, D. Soetanto, and A. Pascoal (2003). Coordinated (2003). Coordinated p , ,p , , ( )( )
Motion Control of Marine Robots. Motion Control of Marine Robots. Proc. 6th IFAC Conference Proc. 6th IFAC Conference 
on Manoeuvering and Control of Marine Craft (MCMC2003)on Manoeuvering and Control of Marine Craft (MCMC2003), , 
Girona, Spain.Girona, Spain.

R. Skjetne, I.R. Skjetne, I.--A. F. Ihle, and T. I. FossenA. F. Ihle, and T. I. Fossen (2003) Formation (2003) Formation 
Control by Synchronizing Multiple Maneuvering Systems. Control by Synchronizing Multiple Maneuvering Systems. 
Proc  6th IFAC Conference on Manoeuvering and Control of Proc  6th IFAC Conference on Manoeuvering and Control of Proc. 6th IFAC Conference on Manoeuvering and Control of Proc. 6th IFAC Conference on Manoeuvering and Control of 
Marine Craft (MCMC2003)Marine Craft (MCMC2003), Girona, Spain., Girona, Spain.

M  Egerstedt and X  HuM  Egerstedt and X  Hu (2001) Formation Constrained Multi(2001) Formation Constrained Multi--M. Egerstedt and X. HuM. Egerstedt and X. Hu (2001) Formation Constrained Multi(2001) Formation Constrained Multi--
Agent Control, IEEE Trans. on Robotics and auto., vol. 17, no. Agent Control, IEEE Trans. on Robotics and auto., vol. 17, no. 
6, Dec. 20016, Dec. 2001

They They do not address communication constraintsdo not address communication constraints
explicitlyexplicitlyexplicitly.explicitly.



Communication Constraints
vehicle

Communication Constraints

What is the communications topology? (GRAPH) 

link

Non-bidirectional links
d d h

Bidirectional Links
directed graphsundirected graphs

R. Murray [2002], B. Francis [2003], A. Jadbabaie [2003]



Communication ConstraintsCommunication Constraints

Communication DelaysCommunication Delays

Temporary Loss of Commsp y

Switching Comms Topology

Asynchronous Comms

Links with Networked Control and Estimation Theory



SINGLE VEHICLE PATH FOLLOWINGSINGLE VEHICLE, PATH FOLLOWING
1. Drive the distance from Q to the rabbit to zero;
2 Align the flow frame with the Serret-Frenet

This will make  

2. Align the flow frame with the Serret Frenet
(align total velocity    with the tangent to the path).tv

the vehicle follow the path

“guide” (rabbit) moving 
l th th “ i dalong the path – “a mind

of its own” (control variable)



COORDINATED PATH FOLLOWINGCOORDINATED  PATH  FOLLOWING

More general formations and pathsg

Triangle formation In-line formation



COORDINATED PATH FOLLOWINGCOORDINATED PATH FOLLOWING
Coordination  Error =

error between the “rabbits”

••

error between the rabbits

••

•
•

Generalizable to multiple vehicles and other 
formation patterns and pathsformation patterns, and paths



COORDINATED PATH FOLLOWINGCOORDINATED PATH FOLLOWING

KEY  INGREDIENTS:KEY  INGREDIENTS:

PATH FOLLOWING for each vehiclePATH FOLLOWING for each vehicle

+
Inter vehicle COORDENATIONInter-vehicle COORDENATION

(driving the coordination errors to zero:( g
speed adjustments based on

VERY LITTLE INFO EXCHANGED)

(space-time decoupling … maths work out!)



Di id t C A hDi id t C A hDivide to Conquer ApproachDivide to Conquer Approach

PATH FOLLOWING ALONG PATHPATH FOLLOWING
(each vehicle on its 

own) , PF

ALONG-PATH 
COORDINATION,

CC

+

COORDINATED 
PATH FOLLOWING

But, they co-exist.
Analyze in detail!

PATH FOLLOWING 
CPF



K ltK ltKey resultsKey results

Coordination achieved with

fixed communication networks 
(ICAR’05  CDC’05  IJACSP)(ICAR’05, CDC’05, IJACSP)

brief connectivity losses, general comm. losses, 
and time delays

(SIAM-submitted, CDC’06, MCMC’06)



Fixed comm. networks Fixed comm. networks 
(ICAR’05, CDC’05, IJACSP)

Outline
Path following: single vehicle
Coordination error & Coordination error & 
path reparameterization
Coordination dynamics 
Communication constraints & graphsCommunication constraints & graphs
Coordination control



P th f ll iP th f ll iPath following Path following (single vehicle)(single vehicle)

VehicleVehicle:: wheeled robot wheeled robot 
(underactuated vehicle w/no(underactuated vehicle w/no(underactuated vehicle w/no (underactuated vehicle w/no 
sideside--slip)slip)

Control signalControl signal: : angular speedangular speedgg g pg p
Asymptotic convergence to the Asymptotic convergence to the 

path. path. ∞

Condition:Condition:
0

( )v t dt = ∞∫
Exponential convergence ifExponential convergence if

0mv v≥ >m



Path following Path following (kinematics)(kinematics)

•• Path following error Path following error 
vector and kinematicsvector and kinematicsvector and kinematicsvector and kinematics

( ( ) 1) cose e c ex y c s s v ψ= − +( ( ) )
( ) sin
( )

e e c e

e c e

y
ye x c s s v

ψ
ψ= − +

control signals

( )e ccr s sψ = −

path curvature at 

exogenous signal

( )cc s Pc



P th f ll iP th f ll i ( bl )( bl )Path following Path following (problem)(problem)

1 1dynamics: 1 1;r N v F
J m

= =

•• Problem:Problem: Given a spatial path and a desired Given a spatial path and a desired p pp p
temporal profile    for the speed, derive  feedback temporal profile    for the speed, derive  feedback 
laws for     and    to drive                        to zero.laws for     and    to drive                        to zero.N s , , ,e e e dx y v vψ −

dv
e e e d



P th f ll i ltP th f ll i ltPath following, resultsPath following, results

MAIN result:MAIN result: existence of control laws that existence of control laws that 
solve the PF problem: error convergencesolve the PF problem: error convergencesolve the PF problem: error convergence solve the PF problem: error convergence 
is guaranteed is guaranteed 

-- if       is uniformly continuous and does if       is uniformly continuous and does ( )v t yy
not vanish asymptotically.not vanish asymptotically.



Path followingPath following (control strategy)(control strategy)Path following Path following (control strategy)(control strategy)

-- Lyap. func.Lyap. func. 2 2 21 1 1 ( ( ))
2 2 2p e e e eV x y yψ σ= + + −

-- approach angle approach angle 

2 2 2

1 2( ) sign( )sin e
e

k yy vσ −= −
+

pp gpp g

-- time derivative time derivative 
ey ε+

2

for some andfor some and

2
2 2

1 2 3( ) ( )e
p e e

e

yV k x k v t k
y

ψ σ
ε

= − − + − −
+

r sfor some     andfor some     and
-- do back stepping to finddo back stepping to find N

r s



C di ti t t / dC di ti t t / dCoordination state / coord. errorCoordination state / coord. error
Use the Use the RABBITSRABBITS to define the coordination error!to define the coordination error!Use eUse e SS o de e e coo d o e o !o de e e coo d o e o !
Coordination is achieved if the coordination states (CSs) Coordination is achieved if the coordination states (CSs) 
are equal,are equal,qq
The CS is a geometrical variable: arc length (shifted The CS is a geometrical variable: arc length (shifted 
paths), angle (circumferences), or even more generalpaths), angle (circumferences), or even more general



Coordination State / Path ReparametrizationCoordination State / Path Reparametrization

Paths parameterized by Vehicles Paths parameterized by Vehicles ii and and jj are are 
coordinated if coordinated if i jξ ξ=

( )ξ
2ξ

Define the function (arc length) Define the function (arc length) 

DefineDefine

( )i i is s ξ=

i
i

sR ∂
=DefineDefine

The choice of The choice of ξξii must yield must yield positivepositive and and boundedbounded

i
iξ∂

1ξ
ξξii yy pp

RRii

h f d hh f d h ; ( ) 1s Rξ ξ= =Shifted paths:Shifted paths:

Circumferences:Circumferences:

; ( ) 1i i i is Rξ ξ= =
1ξ

, ( ) (radii)i i i i i is R R Rξ ξ= =
2ξ



Coordination State / Path ReparametrizationCoordination State / Path Reparametrization

4545--degree degree exampleexample

; 2s sξ ξ1 1 2 2

1 2

; 2

1; 2

s s

R R

ξ ξ= =

= =

Sinusoidal exampleSinusoidal example

1 21; 2R R

Sinusoidal exampleSinusoidal example

ξ ξ1 1 1 2 2

22

;

1; 1 cos

x s x
dsR R

ξ ξ

ξ

= = =

+2
1 2 2

2

1; 1 cosR R
d

ξ
ξ

= = = +



Coordination state dynamicsCoordination state dynamics--11yy
-- TheThe rabbit’srabbit’s dynamicdynamic for for vehiclevehicle ii

(cos 1)s v v k xψ= + − +
-- Dynamics Dynamics ofof coordinationcoordination statestate ii

, 1 ,(cos 1)i i e i i e is v v k xψ= + +

1 1
( ) ( )i i i i is v d

R R
ξ ξ

ξ ξ
= ⇒ = +

IMPORTANT: IMPORTANT: ddii isis guaranteedguaranteed to to vanishvanish atat thethe pathpath followingfollowing levellevel

( ) ( )i i i iR Rξ ξ
ii gg pp gg

IFIF
vvii does does notnot blowblow upup andand vvi i does does notnot tendtend to 0 (CAVEAT!)to 0 (CAVEAT!)

TheThe effecteffect ofof thethe PF PF subdynamicssubdynamics appearsappears as a “as a “vanishingvanishing” ” disturbancedisturbance
inin thethe Coo Coo subdynamicssubdynamics..yy



Coordination state dynamicsCoordination state dynamics--22
-- Objectives: Objectives: coordination  0i jξ ξ− =

1
formation spe      d ei Lvξ =

-- Making Making fromfrom
1
( )i i i

i i

v d
R

ξ
ξ

= +0id =

desired speed of vehicle desired speed of vehicle ii equals equals 

d fi th d t kid fi th d t ki

( )i i LR vξ

-- define the speed tracking errordefine the speed tracking error

:i i i Lv R vη = −:
1:

i i i Lv R v
df F R v

η

η = = −:i i i i Lf F R v
m dt

η = = −



CoordinationCoordination subsystemsubsystem

Complete Fleet of Vehicles

Make d equal to 0.

Bring it into the picture at a later stage

CONTROL VARIABLE

1LC

f

dv

η

ξ η

=

= + +

is a stateis a state driven varying matrix:driven varying matrix:C

g p g1LC dvξ η + +

1C-- is a stateis a state--driven varying matrix: driven varying matrix: 
and and 
C

( )ii
i i

C
R ξ

=

1 20 ( )c C cξ< ≤ ≤

•• Problem:Problem: Derive a control law for   Derive a control law for   so thatso that
converge asymptotically to zero.converge asymptotically to zero.i i jη ξ ξ−

f
converge asymptotically to zero.converge asymptotically to zero.,i i jη ξ ξ

Communication topology comes into playg
use Graph theory



Communication ConstraintsV2 Communication Constraints
V1

Node Adjacency
1 10Node Adjacency

Matrix A   = 1

1

0

0

0

0V3
edge

1 0 0

V1 receives info from neighbours V2 and V3 Degree
Matrix D =

02

0

0

1 0

V2 receives info from neighbour V1

Matrix D 0 1 0

0 0 1

V3 receives info from neighbour V1



Communication ConstraintsV2 Communication Constraints
V1

Node

2 1 1
1 1 0L D A

− −⎛ ⎞
⎜ ⎟
⎜ ⎟

Node

Laplacian
1 1 0
1 0 1

L D A ⎜ ⎟= − = −⎜ ⎟
⎜ ⎟−⎝ ⎠

V3
edge

1 1 2 1 3( ) ( )
L

ξ ξ ξ ξ ξ
ξ ξ ξ

⎝ ⎠
− + −⎛ ⎞ ⎛ ⎞

⎜ ⎟ ⎜ ⎟

Neighbour set 1={ V2 , V3}
2 2 1

3 3 1

L ξ ξ ξ
ξ ξ ξ

⎜ ⎟ ⎜ ⎟= −⎜ ⎟ ⎜ ⎟
⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠

Neighbour set 2={ V1}

3 3 1ξ ξ ξ⎝ ⎠ ⎝ ⎠
Properties:

1 0LNeighbour set 3={ V1} -
-Graph is connected

1 0L =
rank 1 2L n⇒ = − =

0Lξ ξ ξ ξ1 2 30Lξ ξ ξ ξ= ⇒ = =



Communication constraintsCommunication constraintsCommunication constraintsCommunication constraints

• info available from a subset of the fleet: the 
neighboring ehicles sets Nneighboring vehicles, sets iN

• bi-directional or directed communications.

• use graph Laplacian     to model communication 
constraints declared by sets N

L
constraints declared by sets   iN



CoordinationCoordination strategiesstrategies

Complete Fleet of Vehicles (for       )

fη =
0d =

hh d dd d dd dd
1L

f

C v

η

ξ η

=

= +
-- Comm. graph is Comm. graph is undirectedundirected and and connected connected 
-- (MAIN results)(MAIN results) either of the following control laws solve the either of the following control laws solve the 

CC problemCC problemCC problemCC problem

( )
f A BCL
f LC C A AL

η ξ
η ξ

= − −

= − + + −
1 1

( )
( ) sat( )

f
f A L A C B A L

η ξ
η η ξ− −= − + − +

-- : underlying comm. graph Laplacian        : underlying comm. graph Laplacian        
-- : positive diagonal matrices: positive diagonal matricesA B

L
-- : positive diagonal matrices : positive diagonal matrices 
-- : saturation function: saturation function

,A B
sat(.)



CoordinationCoordination strategiesstrategies

f A BCL
b

η ξ= − −

∑vehicle i, decentralized form
i

i
i i i i j

j Ni

bf a
R

η ξ ξ
∈

= − −∑

Challenges: 
DONE! 1) when          is varying

2) prove satisfies required conditions
( )C ξ
( )v t2) prove         satisfies required conditions 

when putting together PF and CC 
( )iv t

Switching comm. / failures / time delays
are very important issues                     

next part of the talkp



General Path FollowingGeneral Path Following
algorithmsg
Switching communications

OutlineOutline
•General under-actuated vehicle, PF
•Coordination underCoordination under

– Brief connectivity losses
G l i i  l– General communications losses

(Time delays)



Path followingPath following

yd (γ )

∈

yd γ

•• PathPath--following problemfollowing problem

GiGi ii hh dd dd ii{ }3–– GivenGiven aa geometricgeometric pathpath andand aa speedspeed assignmentassignment

vvrr ((tt),), wewe wantwant
{ }3( ) :dy R Rγ γ∈ ∈

•• thethe positionposition ofof thethe vehiclevehicle toto convergeconverge toto andand remainremain insideinside anan
arbitrarilyarbitrarily thinthin tubetube centeredcentered aroundaround thethe desireddesired pathpath

•• satisfysatisfy (asymptotically)(asymptotically) thethe desireddesired speedspeed assignmentassignment ii ee•• satisfysatisfy (asymptotically)(asymptotically) thethe desireddesired speedspeed assignment,assignment, ii..ee..,,
asrv tγ → → ∞



Path following Path following 
(a very general set(a very general set--up)up)

( , )
( )

i i i i

i i i

x f x u
y h x

=⎧
⎨ =⎩

Vehicle dynamics ( )i i iy h x⎩

( ) ( ) ( ( ))i i d i ie t y t y tγ= −PFollowing error ,( ) ( ) ( ( ))i i d i iy y γPFollowing error

Speed tracking error ( ) ( ) ( )i i it t v tη γ= −Speed tracking error ,( ) ( ) ( )i i r it t v tη γ



C di ti blC di ti blCoordination, problemCoordination, problem
1iC D

, 1,...,i r i iv i nγ η= + =Coo. Dyn.

iη a signal from PF closed-loop dyn.

Coordination problem:
- Derive a control law for ,r iv

- such that asympt. 

,

0, 0i j i Lvγ γ γ− → − →

- : a given formation speed profile( )Lv t
Comm needed to exchange informationComm. needed to exchange information
Comm. subjected to change and time delays



C di ti t l lC di ti t l lCoordination, control lawCoordination, control law

Proposed control

( )

, ( ) ( ) ( ) ( )
i p t

r i L i i j
j N

v t v t k t tγ γ
∈

= − −∑
, ( )i p tj

N
( )p t :  a vector indicating which edge is active at time t

, ( )i p tN : Neighbors of vehicle i at time t

info. arrives with time delay



C di ti l dC di ti l d llCoordination, closedCoordination, closed--looploop

( ) 1p t LKL vγ γ η= − + +Closed-loop dyn. 
in vector formin vector form
no delays

( ) ( )( ) ( ) 1p t p t LKD t KA t vγ γ γ τ η= − + − + +
Closed-loop dyn. 
in vector form

ith d lwith delays

Two types ofTwo types of 

switching comm.
consideredconsidered 



Switching Communication
brief connectivity lossesbrief connectivity losses

V2
V2

V1 V1
V11p 1p

V3
V3

V3
2p 3p

2p

connected disconnected connected
time

1 2 31, 1, 0p p p= = = 1 2 31, 0, 1p p p= = =

1 2 30, 1, 0p p p= = =

is a function of p, denoted pLL



B i f C ti it LB i f C ti it LBrief Connectivity LossesBrief Connectivity Losses

Inspired by the concept of “brief instabilities” Inspired by the concept of “brief instabilities” --
H h t Al IEEET ti AC 04H h t Al IEEET ti AC 04Hespanha et. Al. IEEETransactions AC 04Hespanha et. Al. IEEETransactions AC 04

BCL:BCL: the communication graph is connected and the communication graph is connected and 
disconnected alternativelydisconnected alternativelyyy



B i f ti it lB i f ti it lBrief connectivity lossesBrief connectivity losses
0 graph is connectd⎧Charac function of 0 graph is connectd

( )
1 graph is disconnectd

pχ
⎧

= ⎨
⎩

Charac. function of
switching topology : 

2

1
1 2( , ) ( ( ))

t

p t
T t t p t dtχ= ∫Connectivity loss time

over :1 2[ , ]t t
2 1 0( ) (1 )pT t t Tα α≤ − + −The comm. Network has BCL if

0

0 1
0T

α≤ ≤
>

Asympt. connectivity loss rate:

Connectivity loss upper bound:

Example: periodically
- 10 sec connected 

40 di t d

20%
40T

α =⎧
→ ⎨ =⎩- 40 sec disconnected 0 40T =⎩



B i f ti it lB i f ti it lBrief connectivity lossesBrief connectivity losses
2( ) ( ( ))

t
T t t t dt∫C ti it l ti

1
1 2( , ) ( ( ))p t

T t t p t dtχ= ∫Connectivity loss time
over :1 2[ , ]t t

2 1 0( ) (1 )T t t Tα α≤ − + −

(1 )T TTα

2 1 0( ) (1 )pT t t Tα α≤ +

2 1

0

2 1 2 1 2 1

(1 ) limp p

t t

T TT
t t t t t t

αα α
− →∞

−
≤ + ⇒ ≤

− − −

T
If the graph is 

di onne ted o e
2 1

0 0(1 )
p

p p p

T t t

T T T T Tα α

= −

≤ + − ⇒ ≤

disconnected over

1 2[ , ]t t
0 0( )p p p



Switching Communication
“uniform” connected in meanuniform  connected in mean

V2
V2

V1
1p V1

V1

V3
V3

3p
V3

time

1 2 31, 0, 0p p p= = = 1 2 31, 0, 1p p p= = =1 2 30, 0, 0p p p= = =

L L L
1pL

2pL
3pL

[ ]t t T p p pL L L L+ = + + [ , ]rank 1 2
1 0

t t TL n
L

+ = − =⎧
⇒ ⎨

the union graph over 
time interval T

1 2 3[ , ]t t T p p p+
[ , ]1 0t t TL +

⎨ =⎩
time interval T
is connected



U if C t d i MU if C t d i MUniform Connected in MeanUniform Connected in Mean
•• Inspired by work of Inspired by work of 

–– Moreau (CDC’04)Moreau (CDC’04)
–– Lin, Francis, Maggiore (SIAM recent)Lin, Francis, Maggiore (SIAM recent)

•• UCM:UCM: there is a there is a T T >0>0, such that the union , such that the union ,,
communication graph is connected over any time communication graph is connected over any time 
interval of length interval of length TTgg

We assume a switching dwell time 0τ >We assume a switching dwell time
(time clearance between two consecutive switches) 

0Dτ >



PF and CC interconectionPF and CC interconectionPF and CC interconectionPF and CC interconection
PFPF

CC

Proof of convergence.g

Key Ingredient: a new small gain theorem
f t ith b i f i t bilitifor systems with brief instabilities



PF and CC interconectionPF and CC interconectionPF and CC interconectionPF and CC interconection
PFPF

CC

Main Result A (Brief Connectivity Losses)

For any choice of  connectivity parameters T and α, 
there exist PT and CC gains that yield convergence of the

l t t t j t i t bit il llcomplete system error trajectories to  an arbitrarily small 
neighborhood of the origin.



PF and CC interconectionPF and CC interconectionPF and CC interconectionPF and CC interconection
PFPF

CC

Main Result B (Connected in Mean)

For any choice of  average connectedness time T, 
th i t PT d CC i th t i ld f ththere exist PT and CC gains that yield convergence of the
complete system error trajectories to  an arbitrarily small 
neighborhood of the originneighborhood of the origin.



SSSummarySummary

•• PathPath followingfollowing controlcontrol for a general for a general 
d t t dd t t d hi lhi lunderactuatedunderactuated vehiclevehicle

•• CoordinationCoordination strategiesstrategies underunder switchingswitchingCoo d at oCoo d at o st ateg esst ateg es u deu de s tc gs tc g
communicationscommunications

BriefBrief connectivityconnectivity losseslosses–– BriefBrief connectivityconnectivity losseslosses
–– UniformUniform connectedconnected inin meanmean

•• PFPF--CC CC interconnectioninterconnection



SimulationsSimulations ((ASCraftASCraft,, fullyfully actuatedactuated))SimulationsSimulations ((ASCraftASCraft, , fullyfully actuatedactuated))
[[João Almeida, João Almeida, MScMSc, IST], IST]

In-line formation Triangle formation



Si l tiSi l tiSimulationsSimulations



Simulations, no failuresSimulations, no failures

coordination errors path following errors



Simulations, 75% failuresSimulations, 75% failures

coordination errors path following errors

With 75% of communications failures occurring periodically with T=20s5 g p y



C t ib tiC t ib ti C di t dC di t d t lt lContributionsContributions, , CoordinatedCoordinated controlcontrol

•• FixedFixed networksnetworks
–– ProperProper setset--upup for for coordinatedcoordinated pathpath followingfollowing, , 

general general coordinationcoordination patternspatterns andand pathspaths..
–– SolutionsSolutions for for bidirectionalbidirectional andand nonnon--

bidirectionalbidirectional networksnetworks..
–– ConvergenceConvergence guaranteedguaranteed whenwhen puttingputting

togethertogether PFPF andand CCCC systemssystems ((dynamicsdynamics ofof thethetogethertogether PF PF andand CC CC systemssystems ((dynamicsdynamics ofof thethe
vehiclevehicle takentaken directlydirectly intointo accountaccount!)!)



C t ib ti C di ti t lC t ib ti C di ti t lContributions, Coordination controlContributions, Coordination control
•• Switching networksSwitching networks•• Switching networksSwitching networks

–– Coordination guaranteed under switching Coordination guaranteed under switching 
i ii icommunicationscommunications

•• Brief connectivity lossesBrief connectivity losses
•• Uniform connectedness in meanUniform connectedness in mean

–– Switching communications with delaysSwitching communications with delays
–– Small gain theorem for systems with brief Small gain theorem for systems with brief 

failuresfailuresfailuresfailures
•• convergence guaranteed when putting together PF convergence guaranteed when putting together PF 

and CC systemsand CC systemsyy



C i tiC i tiCommunicationsCommunications
•. There is an underlying communication topology
(fixed or time-varying)

• Communications DO NOT occur in a continuous     
manner – asynchronous, with delays

• There is a COST associated with communicating: 
comms should be parsimonious: periodic 
(Antsaklis), asynchronous (Tsitsiklis, Athans, 
Bertsekas), Logic-Based (Xu and Hespanha).



Theoretical Issues

/ Physical constraints

Energy constraints – small vehicles, limited energy on‐
board.

Low data rates – 100´s bit/sec (slant range) in shallow 
waterswaters

Distance‐dependent time delays

What model best captures the communication losses?
••KnownKnown delaysdelays -- R. R. GhabchelooGhabcheloo, A. Aguiar, A. Pascoal, C. Silvestre, “, A. Aguiar, A. Pascoal, C. Silvestre, “Synchronization in
multi-agent systems with switching topologies and non-homogeneous communication delays ”,”,
CDC 2007. CDC 2007. 



Communication delaysy

NetMarS S

delay τ = d /c; c = speed of sound NetMarSyS



Acoustic Channel

NetMarS SChannel impulse response - multipaths NetMarSySChannel impulse response multipaths



Acoustic Channel

NetMarS SChannel impulse response - multipaths NetMarSySChannel impulse response multipaths



Acoustic Channel

NetMarS S
Power Losses – Spreading and Absorption NetMarSyS

p g p



Acoustic channel

rays calculated in flat
deep water waveguide 

coherent transmission loss
in deep water waveguide 

NetMarS S
Transmission loss NetMarSyS

BELLHOP ray tracing program



Acoustic channel simulation

S  t t Seafloor Sound speedSea state Seafloor 
characteristics

Sound speed
profile

EmmiterEmmiter
Receiver Message

received?
Frequency

NetMarS S
FUNCTIONALITY NetMarSyS



Acoustic channel simulation

Random variable ξ

1   message received
ξ=

1,  message received

0,  message not received

NetMarS S
A simplified approach NetMarSyS

p f pp



Acoustic channel simulation

R d bRandom number
generator
X i [  ]

10 η 
X in [0, 1] η(d) − threshold

Prob         = Prob X > ηξ=1
Prob         = Prob X < ηξ 0

η(d) =1-exp [d/(d-dmax)]Prob          Prob X < ηξ=0
1

NetMarS S

dmax
0 NetMarSyS



C i ti C t i tC i ti C t i tCommunication ConstraintsCommunication Constraints
•• Is the matter THAT serious when it comes to COORDINATED PATHIs the matter THAT serious when it comes to COORDINATED PATH•• Is the matter THAT serious when it comes to COORDINATED PATH Is the matter THAT serious when it comes to COORDINATED PATH 

FOLLOWING?FOLLOWING?

CHECK results on Networked ControlCHECK results on Networked ControlCHECK results on Networked ControlCHECK results on Networked Control

Two key references:Two key references:

1. J. Yook et al., “Trading computation for bandwith: 1. J. Yook et al., “Trading computation for bandwith: 
reducing communication in distributed control systems reducing communication in distributed control systems 
using state estimators ” IEEE Trans Contr Systusing state estimators ” IEEE Trans Contr Systusing state estimators,  IEEE Trans. Contr. Syst. using state estimators,  IEEE Trans. Contr. Syst. 
Technology, Vol. 10, No. 4, 2002Technology, Vol. 10, No. 4, 2002

2. Y. Xu and J. Hespanha, “Communication logic design 2. Y. Xu and J. Hespanha, “Communication logic design 
and analysis for networked control systems,” in Current and analysis for networked control systems,” in Current 
Trends in Nonlinear Systems and Control, Birkhauser, Trends in Nonlinear Systems and Control, Birkhauser, y , ,y , ,
2006. 2006. 



A very general frameworkA very general frameworky gy g

A. Aguiar and A. Pascoal, “Coordinated PathA. Aguiar and A. Pascoal, “Coordinated Path--Following Control for Following Control for 
Nonlinear Systems with LogicNonlinear Systems with Logic--Based Communication”, submitted to CDC 2007. Based Communication”, submitted to CDC 2007. 
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“Usual Trick”:“Usual Trick”:Usual Trick :Usual Trick :
•Each and every agent runs estimates of the 

l ti f th th t f ALL t itevolution of the path parameters of ALL agents it 
communicates with.

•Intuition: agent i runs a model of what j “thinks i is 
“d i ”doing

• When the prediction of state i and the actual value• When the prediction of state i and the actual value 
deviate “too much”, agent i broadcasts the measured 
informationinformation.

•Each agent that receives info from i updates its•Each agent that receives info from i updates its 
estimator instantaneously.  



LogicLogic--Based CommunicationBased Communication
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LogicLogic--Based CommunicationBased Communicationv
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European Project IST 035223European Project IST 035223

Coordination and control of cooperating heterogeneous Coordination and control of cooperating heterogeneous 
unmanned systems in uncertain environmentsunmanned systems in uncertain environments

STREP project: 2006 – 2009

JörgJörg KalwaKalwa AntónioAntónio M PascoalM PascoalJörgJörg KalwaKalwa AntónioAntónio M. PascoalM. Pascoal

ATLAS ELEKTRONIK GmbH Institute for Systems and Robotics (ISR)
Instituto Superior Técnico (IST)

Workshop on Cooperative Objects in Buildings, Business,Workshop on Cooperative Objects in Buildings, Business,
Industry and Critical Infrastructures, Lisbon, 25 June 2008Industry and Critical Infrastructures, Lisbon, 25 June 2008



The vehiclesThe vehicles

ASTERx (IFR)ASTER (IFR)

Seawolf (ATL)

Delfim (IST/ISR)

delfimx-20071025-p1040898 mov

Infante (IST/ISR)Arquipélago (IMAR)

delfimx 20071025 p1040898.mov

MAYAShort.wmv



System OverviewSystem Overview

GPS

Team oriented 
i i l i GPS

Position Data
Specific Console

Multichannel

mission planning

Radio
Datalink

WLAN

A t S f V hi l

Cooperative 
Navigation

Multichannel 
Communication

GREX Console

Specific Console

Autonomous Surface Vehicle
(ASV)

Coordinated ControlSpecific Console

Underwater
Acoustic
Modem

Fiber-
optic
link

Autonomous Underwater Vehicle
(AUV)

Coordinated Control

Remotely Operated Vehicle
(ROV)



SeeTrack Mission Planning GUISeeTrack Mission Planning GUI



The Concept of TeamThe Concept of Team--Oriented Oriented 
Mission Planning (TOMP)Mission Planning (TOMP)Mission Planning (TOMP)Mission Planning (TOMP)

Mission Planning Software SeeTrack (by SeeByte)

MVP-Pool
GREX GREX 
MetaMeta--languagelanguage

GREX
Team Mission Plan

Mission Planning
by Operator

new MVPs

MetaMeta--language language 
Team LevelTeam Level

Team Mission Plan by Operator

Translation
by Mission Planning Software

Rules,
Vocabulary

GREX GREX 
MetaMeta--language language 
Vehicle LevelVehicle Level …Mission Plan for

Vehicle 1
Mission Plan for

Vehicle 2
Mission Plan for

Vehicle n

by Mission Planning Software Vocabulary

Vehicle LevelVehicle Level

LL
GREX Interface

Module Veh.1
GREX Interface
Module Veh.2y

GREX Interface
Module Veh.ny

Vehicle 1 Vehicle 2 Vehicle n

Languages Languages 
of Real of Real 
VehiclesVehicles

Mission Plan for
Vehicle 1

Mission Plan for
Vehicle 2

Mission Plan for
Vehicle n…

y y

to the vehicles



The Multiple Vehicle GREX simulator



Communication Losses (“noisy areas”)







Surge speed uSurge speed u

Coordination ErrorCoordination Error



Future WorkFuture Work

StateState--dependentdependent / / multiplemultiple delaysdelays ((hardhard **))
(( nder aternder ater commscomms: 1500 m/s): 1500 m/s)((underwaterunderwater commscomms: 1500 m/s).: 1500 m/s).

““BetterBetter modelmodel ofof communicationcommunication losseslosses““BetterBetter modelmodel ofof communicationcommunication losseslosses

CoordinatedCoordinated PathPath FollowingFollowing withoutwithout expensiveexpensive inertialinertial
unitsunits ((bringbring inin cooperativecooperative navigationnavigation))unitsunits ((bringbring inin cooperativecooperative navigationnavigation).).

FromFrom conceptconcept toto practicepractice ((AcousticAcoustic DynamicDynamic NetworkingNetworking))FromFrom conceptconcept to to practicepractice ((AcousticAcoustic DynamicDynamic NetworkingNetworking))

••KnownKnown delaysdelays -- R. R. GhabchelooGhabcheloo, A. Aguiar, A. Pascoal, C. Silvestre, “, A. Aguiar, A. Pascoal, C. Silvestre, “Synchronization inyy , g , , ,, g , , , y
multi-agent systems with switching topologies and non-homogeneous communication delays ”,”,
CDC 2007. CDC 2007. 



Beyond GREX (examples)Beyond GREX (examples)Beyond GREX (examples)Beyond GREX (examples)

Cognitive SystemsCognitive Systemsg yg y



Multiple Vehicle Coordination

h kThank 
You!You!

IFAC Workshop, July 6, 2008


