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ABSTRACT

A new ship maneuvering control framework is presented.
This framework entails a three layered control architecture, a
principled approach to design and implementation within the ar-
chitecture, and hybrid systems design techniques. The formal
model is dynamic networks of hybrid automata. The control ar-
chitectureis structured according to the principle of composition
of ship motionsfrom aminimal set of elemental maneuvers, that
are designed and verified independently. These are the building
blocks for complex maneuvers that are also formalized in this
framework. The principled approach is based on distributed hy-
brid systems techniques, and spans design and implementation
because it uses the same model for both. Hybrid systems con-
trol techniques are used to synthesize the elemental maneuvers
and to design protocolsto coordinate the execution of elemental
maneuverswithin acomplex maneuver. Thearchitectureisfault-
tolerant by design since it uses verified maneuvers. New control
problems are introduced in this context. One is that of safety —
to design a controller that always ensures safety in the presence
of disturbances. The case study of the Mobile Offshore Base, that
motivated theapproach, isused toillustrate some of themain con-
cepts. The novelty of the approach stems from the application
of concepts and theories from distributed hybrid systems to the
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problem of ship maneuvering.
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INTRODUCTION

In the last decade we have witnessed unprecedented inter-
actions between technological devel opmentsin computing, com-
munications and control, and the design and implementation of
networked multi-vehicle systems (Varaiya et a., 2001). New
technological developments have enabled engineers to design
new systems, and in turn, the implementation of those systems
has led to a better understanding of the underlying technological
issues, and to the formulation of new theories. One such example
isthe theory of distributed hybrid systems that has led to the de-
velopment of abody of technol ogy and toolsfor simulation, anal-
ysisand design. Thisisthe enabling technology for an increasing
number of networked multi-vehicle systems(for cars, helicopters
and submarines see respectively (Varaiya, 1993; Varaiya et al.,
2001; de Sousaand Deshpande, 1997). Here we present aformal
ship maneuvering approach formulated in the framework of dis-
tributed hybrid systems. The approach istargeted at making ship
maneuvering more robust and autonomousin the future.

Weenvision two levelsof automation, that of maneuversand
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completeautomation. Fromthe control perspective, the main dif-
ficulties come from maneuver automation. The problem is that
traditional control techniques, that form the current practice in
ship control, are not adequate for this purpose. The literatureis
abundant in low level control techniques for ship applications.
These techniques are mainly tailored to solve low level control
problems ! that are formulated in the framework of continuous
timeand differential equations. Maneuver automation entails the
realm of logic, and of discrete event models interacting with dif-
ferential equations that model ship dynamics. Thisis why we
need new control techniques. For example, we need to capture
maneuver logic, to express it mathematically and to check it for
consistency, correctness and safety.

Our developments have been motivated by the problem of
maneuver coordination for the individual modules that compose
the Mobile Offshore Base (MOB) (Remmers et al., 1999). This
application involves some of the major ingredients of the generic
ship maneuvering control problem.

The novelties are the introduction of concepts and theories
from distributed hybrid systemsand the use of systems engineer-
ing principlesfor architectural design (IEEE, 1999).

We organize ship motionsin terms of maneuvers. Aswe ex-
aminethegeneral ship maneuvering problem, we arefaced witha
wholerange of maneuvers, of which someare simpler, and others
more complex. We strive to define a basic set of ”elemental ma-
neuvers’, fromwhich all the maneuvers can be derived. Oncewe
have found aminimal set of elemental maneuvers, we can verify
their design for safety. We then compose the complex ship ma-
neuvers, using the elemental maneuvers as building blocks. This
enablesusto alwaysdesign correct maneuvers, that is maneuvers
that meet the given specifications (which may include safety and
ensured results), even in the presence of disturbances.

The key elements of our framework are:

Composition of ship maneuversfroma small set of elemental ma-
neuvers. For each particular problem, one can find a set of ba-
sic maneuvers that the ship must be able to perform. These are
called elemental maneuvers, and all other maneuvers are com-
posed from them.

Formal approach to ship maneuvering. We provideaformal def-
inition of elemental maneuvers. These are formalized within a
three-level control architecture.

Built-in fault-tolerance. By design, the control architecture is
fault-tolerant since it uses correct elemental maneuvers.

The design of elemental maneuversisincremental. First each el-
emental maneuver is developed and verified independently, then
themore complex maneuversareformed and tested. For each ele-
mental maneuver, wefirst synthesize aleast restrictive controller
- onewhich providesuswith " sets’, or "windows’ of possibleac-
tions. When safety or final objectivesare not at stake, weare free

1Thelevel of control that directly interfaceswith actuators such as, auto-pilots,
etc...

to select one of the controls. Thisisconvenient, sincein controls,
precision is costly, yet the ocean environment cannot be quanti-
fied exactly. To handle safety and performance issues, we then
complement the design with rules or controllersthat incorporate
some logic. Our controllers ensure that, if feasible, the maneu-
ver'sobjective isindeed attained.

This paper is organized asfollows. In thefirst section we discuss
the general ship maneuvering problem. In the second section we
address the automation of ship maneuvering and discuss control
design and implementationissues. In thethird section we present
our approach and relate our devel opmentsto the state-of-the-art.
In the last section we draw some conclusions and discuss future
work.

THE PROBLEM
Problem structure

Let us consider what happens under manual ship control.
The motion of aship is controlled with abasic set of commands,
such as course keeping, turning, maintaining cruise speed, etc..
These are basically actuator commands (e.g., rudder, engine).
The captain of the ship uses these commands to achieve some
goal, e.g., reaching a certain position at sea. Observe that these
goals can be typified. Infact, at each point in time, ashipis per-
forming one of thefollowing operations, designated hereasbasic
maneuvers.

Problem 1. Reaching a region in bounded time, while moving
inside some prescribed boundaries 2. Examples: navigationin a
narrow channel, way-point navigation.

Problem 2. Sameasabovewith additional constraintsonthefi-
nal position, and/or on the final speed. Examples: docking, mat-
ing with connectors with minimal speed to ensure connection.

Problem 3. Sation-keeping within a bounded region. Exam-
ples: dynamic positioning (DP), thruster assisted mooring.

Problem 4. Following a prescribed path, with bounded errors.
Examples: laying underwater cables.

Problem 5. Following a prescribed trajectory®, with bounded
errors. Examples: at sea refueling, where each ship follows a
prescribed trajectory, and the spacing between shipsmust remain
within bounds.

To execute each of these basic maneuvers the captain exer-
cises a control activity that results in a sequence of commands,
suchascruise, turnleft, etc.. Observethat thiscontrol activity fol-
lows aspecific logical pattern for each basic maneuver, let us call
it the control logic. Obvioudly, the same control logic may result

2The problem of reaching a point is not included above since it is subsumed
by that of reaching aregion, the one with practical relevance.
3A trajectory can beinformally described as a path parameterized by time.
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in different sequences of commands. Why? Because this control
activity results from the interactions with other entities and the
environment, that are not known in advance. For example, this
control logic takes into consideration additional information and
rules, and the exchange of information with other entities, such
as harbor authorities and other ships. Relevant information in-
cludes ship capabilities, geography and bathymetry features, traf-
fic, weather forecasts and current profiles. Rulesinclude rules of
way, design recommendations concerning, for example, ship be-
havior in waves, etc..

At the level of ship motion planning, ship motions are
plannedin termsof these basic maneuvers. For example, the plan
to go from A to B may involve a sequence of way-point following
maneuvers.

The problem of the coordinated operation of multiple ships
can, in some cases, be phrased as asimple extension of the previ-
ous ones. For example, cargo transfer between two shipsin mo-
tion can be formulated as a problem of station keeping in a suit-
ablereference frame. We will not go through these on this paper.

Motivation: Mobile Offshore Base

We addressed the design of a ship control framework in the
MOB project (de Sousa et al., 2000; Girard et al., 1999; Web-
ster and Sousa, 1999), where we designed a control architecture
to govern the automated operation of the MOB.

The Mabile Offshore Base concept. The MOB is a large,
self-propelled, floating, pre-positioned ocean structure formed of
three to five modules and reaching up to 1,500 meters in length
(Remmerset al., 1999). In most concepts, the structure is made
of several modules, which have to be kept tightly aligned under
large environmental loads. The alignment is maintained through
the use of thrusters, connectors, or a combination of both. The
modul esforming the M OB must be ableto performlong-term sta-
tion keeping at sea, in the presence of waves, winds and currents.
Thisisusually referred to as Dynamic Positioning (DP) control.

Here, and in order to motivate our formal developments, we
give a preview of the automated operation of the MOB. To fix
ideas consider 3 modules M1, M2 and M3 that perform the fol-
lowing sequence of operations: 1) the 3 modules are completely
independent and located far away from each other; 2) modules
M1 and M3 are commanded to join module M2 to formaMOB —
the assembly maneuver; 3) upon successful assembly, the MOB
is required to perform DP while optimizing fuel consumption —
MOB DP maneuver. For reasons of safety, the assembly opera-
tion requires the modulesto join the MOB (initially just module
M2) one at atime. The assembly order and the selection of the
optimization strategy emanate from the commander of the MOB.
Otherwise, the operation is fully automated.

Onepossibleexecution of theassenbl y maneuver isas
follows. Module 2 entersthe mode avai | abl e for MOB.In

this mode it waits from ar equest t o j oi n message from
any other module. In this case, Module 1 sends this message
first. Upon the reception of this message, Module 2, accepts the
request, enters the mode bl ocked for join, and sends a
message to Module 1 giving it permission to start the join op-
eration (see Figure 1). In this mode, Module 2 performs a DP
maneuver at its current location. Meanwhile, Module 3 sends a
request to joi n messagetoModule?2. Since Module2 is
inthemodebl ocked for j oi n,itreplieswithanegativean-
Swer.

permission tojoin

N
request to join

Figure 1. Excerpt of the join maneuver protocol

Upon the reception of the per m ssion to j oi n mes
sage, Module 1 enters an approach mode, where it executes an
approach maneuver, that entails following an approach trajec-
tory. The approach trajectory is calculated to bring Module 1 ina
close vicinity, denoted V, of Module 2. While doing this Mod-
ule 1 should keep a safety distance from Module 3 — in prac-
tice Module 1 is prevented from entering the section S (see Fig-
ure 2). Upon completion of this approach, Module 1 sends a
in vicinity to dock messagetoModule?2. Upon check-
ing if al conditionsfor safety are met, Module 1 and 2 transition
to the docking mode, where both modules arejointly commanded
to perform a docking operation.

Figure 2. M1 joins M2

Upon successful docking Modules1 and 2 enter the DPmode

Copyright 2001 by ASME



and are jointly commanded under a control strategy that mini-
mizes fuel consumption — both modules perform ajoint DP ma-
neuver. In thismode, the ensembleis ready to accept more mod-
ulestojoin. Thisiswhat happens at alater stage with Module 3
(see Figure 3).

Figure 3. M3 joins MOB

The MOB isfinally assembled. Then it isrequired to aign
with the dominant windsto minimize fuel consumption. In prac-
ticethismeans atransition tothe MOB DP maneuver .

Towards automated operation
Introduction

The general problem of vehicle control automation is not a
trivial one. Ship control automation is not an exception. From
the above, we envision two levels of automation: 1) automation
of the basic maneuvers and, 2) complete automation, from plan-
ning to operations. Let us describe what isinvolved in ship con-
trol automation.

Low level control

In termsof control automation, the set of commands such as
turn to port, etc., is mapped onto the low level controllers. From
the control systems perspective, the main difficulties concerning
low level ship control are:

Non-linear dynamics. The dynamic behavior of avessel can
behighly non-linear, theeffects of somedisturbancesarenot thor-
oughly understood and some of the ship parameters are time-
varying, e.g., the mass varies with loads.

Complexity of ship motionsin a seaway. Ship motions result
from the superposition of high and low frequency components
(Lewis, 1989; Faltinsen, 1990) . The high frequency components
cannot, in general, be compensated for by actuators. However, it
is possible to attenuate their effects by controlling the ship’ s atti-
tude with respect to the disturbance field.

Availability of models. Models of ship handling performance
in some environments are either too complicated or are just not
available. Often thereis no clear consensus over which models
to use. Examples include models for motions in restricted wa-
terways and for thruster-to-thruster interactions in multi-thruster
vessals.

Measurement of disturbances. The better the estimate of the
disturbances, the better the controller performance. The problem
isthat it is quite difficult to obtain even arough estimate of some
of the disturbances.

Actuator saturation. Thisis not amodeling problem. How-
ever, somecontrol design techniquesdo not takethis physical fact
into consideration. The result isthat, when the actuators saturate
the ship is no longer under closed-loop control.

Control design and implementation issues

From the control perspective, the main difficulties for au-
tomating ship control comefromthefirst level of automation, that
of theelementary maneuvers. Theproblemisthat traditional con-
trol techniques, that form the current practice in ship control, are
not adeguate for this purpose. These techniques are mainly tai-
lored to solve the low level control problems.

The problem of design for the second level of automationis
not trivial, but it relies on the services provided by thefirst level.
Let uslook at what isinvolved in the design of a basic maneuver
controller to understand why we need new techniques.

Formal methods. The captain of a ship uses some control logic
to command the execution of a basic maneuver. We need to be
able to capture this logic, to express it mathematically and to
check it for consistency and correctness. Thisiswhy we need for-
mal methods from computer science (see (van Leeuwen, 1990)).
Models. The control problemsat thislevel of automation are dif-
ferent from the low-level control problems discussed in the pre-
vious sub-section. The realm of thelow level control problemsis
that of continuoustime and differential equations. Here, we enter
the realm of logic, and of discrete event models interacting with
differential equationsthat model ship dynamics. The example of
the MOB maneuversillustrates these interactions: the motion of
amodule is determined by the reception of some message that,
inturn, istriggered by the fact that another modul e crosses some
safety boundary.

Automation is not mimicking manual operation. In fact this
can be counter-productive. First, it may prove difficult to encode
all the control logic in a compact representation. Second, even if
thisisdonethereisno assurancethat thereare no flawsin the con-
trol logic. Third, automation enables complex quantitative rea-
soning, that can be used for optimizing operations or to imple-
ment complex control routines that ensure safe operations even
in the presence of disturbances.

Control issues. Obviously the realm of interactions between
continuous time dynamic models and discrete eventsrequires the
consideration of advanced control techniques. Let us discuss
what is required from control design.

Communicationsand control. Control actions depend onin-
teractionswith other systems. Consider for example, thejoin op-
eration from the previous section, where Module 1, which is not
required to be stopped, asks Module 2 to join. What happens if
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Module 2 does not reply in areasonable time (there isa commu-
nication problem) or if Module 1 does not block for operations
upon receiving the request to join message? All these issues are
solvedwith aprotocol designthat can beformally verified for cor-
rectness (see (Varaiyaet al., 2001) for further details).

Logic based control. The actions of each module follow
some control logic. This control logic is complicated because it
not only involves discrete event behavior but also complex con-
tinuous dynamics and interactions with other modules. The tra-
ditional practiceof i f -t hen- el se programming is no longer
adequate. It is not required to an expert programmer to realize
that the amalgamation of i f -t hen- el se statements is very
difficult to verify and often leads to unpredictable behavior.

Safety and predictability. Two important requirements for
automated operation are predictability and safety. The controller
has to perform according to what it is expected to do while
respecting safety constraints. Disturbances play against pre-
dictability and safety. The question is then how to design pre-
dictableand safe controllers. Thisentailsdesigning not only con-
trol laws but also regionsfor safe operation.

Flexibility. Thereis not need to over-constrain ship motions
by imposing artificial constraints that are not used in practice.
Thissuggeststhe consideration of least restrictive controllers. In-
formally, a least restrictive controller is one that outputs sets of
control settings - from which the commanded control setting can
be selected*.

Modelsfor the coordination of the operation of several vehi-
cles. Models of coordination govern the joint operation of mul-
tiple vehicles (see (de Sousa, 2001; Girard et al., 2001a)). The
join maneuver exemplifiesamodel of coordination for two vehi-
cles—in this case adecentralized one— since each moduleis con-
trolled independently, although controllers exchange messages.
The MOB DP maneuver, in turn exemplifies a different type of
coordination. The controllers operate under one of the following
strategies proposed for the M OB: |eader-follower, leaderless etc..
Software implementation. In our experience, a lot of control
code is designed and implemented using techniques that are not
particularly adapted to this level of automation. The problems
are: 1) expressiveness and, 2) tool integration. We need com-
pact representationsto expressthe model s and rel ations described
above, and we need to interface the code with tools that facilitate
design and verification. We have addressed some of these issues
in a companion paper (Girard et al., 2001b).

Itisnow clear that control design at thislevel requires ) for-
mal modelsthat span the design and implementation process, 2) a
framework where we can study the overall structure and proper-
ties of control design that are not appropriately addressed within
the constituent modules— a control architecture; 3) a principled
approach to design and implementation; 4) new control tech-

4Steering of acar isagood example of aleast restrictive controller: the driver
selectsone of several possible steering angles at each moment.

nigues. These are the key elements of our approach.

Formal methods and logic theories introduce the possibil-
ity to express concepts and properties that are of importance for
ship automation. Examples of those include fairness, liveness
and least restrictive control. However these concepts are not part
of the collection of idioms, patterns and styles of organization
that control engineers have developed over the last decades and
that servesasashared, semantically rich, vocabulary among them
(Shaw and Garlan, 1996). This means that ship automation also
requires a new description language.

THE APPROACH
Introduction

This section is organized in terms of the key elements of our
approach. For the sake of clarity we opted to skip the mathe-
matical detailsthat can be found for examplein (de Sousa, 2001,
Varaiyaet al., 2001).

Formal models

Our approach is based on recent developmentsin the theory
of distributed hybrid systems. Informally, a distributed hybrid
system is a collection of dynamic systems — each of which in-
cludes both continuoustime activities and discrete-event features
—that interact through the exchange of data and messages.

A hybrid automaton consists of control locationswith edges
between the control locations. The control locations are the ver-
ticesinagraph. A locationislabeled with adifferential inclusion,
and every edge is labeled with a guard, and ajump and reset re-
lation. A hybrid automatonisH = (L,D,E) where:

L isaset of control locations.

D : L — Inclusionswhere D(l) isthe differential inclusion at
location I.

E C L X Guard X Jump X L are the edges - an edge e =
(1,9,j,m) € E isan edge from location from | to m with guard
g and jump relation j.

The state of aHybrid Automatonisapair (I, x) wherel isthe con-
trol location and x € R" is the continuous state. Hybrid automata
are classified according to the characteristics of L, D and E (see
(Puri, 1995)).

Researchers have used dynamic networks of hybrid au-
tomata(DNHA) to model dynamicinteractions(Deshpandeet al .,
1997). Thisistheformal model that we consider in our approach.
Informally, dynamic networks of hybrid automata allow for in-
teracting automatato create and destroy links among themselves,
and for the creation and destruction of automata. Formally, for
each hybrid automaton, there are two types of interactions: 1) the
differential inclusions, guards, jump and reset relations are aso
functionsof variablesfrom other automata, 2) exchange of events
among automata. Obvioudly, interactions are mediated by means
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of communication. Hence, amodel for dynamic interactions has
toinclude adescription of the mechanismsby which automatain-
teract. At the level of software implementation, the mechanisms
by which software modulesinteract are called models of compu-
tation, or semantic frameworks. Hence, models of computation
provide the formal basisfor dynamic interactions. The choice of
the model of computation for a specific implementation depen-
dents on the properties of the underlying problem domain (Lee
and Sangiovanni-Vincentelli, 1996).

Key concepts

The overall approach stems from the consideration of fol-
lowing principle:

The general ship maneuvering problem can be composed
fromthe solution of modular elemental maneuver sthat can be de-
signed for safety and consistency.

The consideration of this principle enables us to partition a
complex problem into a number of sub-problemsthat can be an-
alyzed independently. This organization also introduces struc-
tureto the problemthus providing the structuring principlefor the
control architecture.

The motivation for the organization of ship maneuvering as
the composition of elemental maneuvers comes from our work
on the MOB project (de Sousa et a., 2000) that, in turn, was in-
spired by the PATH architecture (Varaiya and Shladover, 1991).
Thework of Varaiya was also quite influential in terms of archi-
tecture design (Varaiya, 1997). For related work on the coordi-
nated motion of cars, helicopters and submarines see (Varaiya,
1993; Varaiya et al., 2001; de Sousaand Deshpande, 1997)

All ship motions must be composed from elemental maneu-
vers. This means that the first design step is to find one such a
set. There are several ways to do this. We consider systems en-
gineering principlesto list and classify practical maneuvers, and
concepts from hybrid control systems to group them, or to fur-
ther refine these maneuvers. For example dynamic positioning
(DP) and thruster assisted mooring may fall within the same cat-
egory. From the control perspective, each elemental maneuver
defines a category of problemsthat share the same structure, and
the same solution method. Thisuniform representation allowsfor
acompact specification and easy understanding. Moreover, it fa-
cilitates the corresponding design problem. We used these prin-
ciplesto define the taxonomy of elemental maneuvers presented
in the Requirements section.

It may happen that an elemental maneuver is not enough to
describe the actions involved in the execution of a practical ma-
neuver at sea — the case with maneuvers involving more than
one ship. This is where the composition of maneuvers enters
the picture, and where we introduce the notion of complex ma-
neuver. For example, the assembly maneuver for the MOB en-
tailed the parallel execution of elemental maneuvers for each of
the modules. The joint execution of these maneuvers is coordi-

nated through the exchange of specific patterns of messages, that
implement a cooperation protocol.

It is now clear that the elemental and complex maneuvers
congtitute the primitives for ship motion planning. At thislevel,
we abstract from the detail s of rudder or engine commands, while
maintaining an adequate level of description.

Each elemental maneuver is characterized by 1) An objec-
tive, 2) Hard constraints (those that cannot be violated), 3) Soft
constraints (those that can be negotiated under special circum-
stances). For control design this characterization is comple-
mented with: 1) dynamic models, 2) rules, 3) information sets
(relevant information). By putting all these pieces together with
acontroller we get an:

Definition 1 (Elemental maneuver). ° Prototypical solution to a
class of ship motion problems that cannot be obtained from the
composition of other maneuvers. It is characterized by:

1. Objective.

2. Hard and soft constraints.
3. Information sets.

4. Dynamic model.

5. Controller.

Informally, an elemental maneuver is like a computer pro-
gram. For example, GOTO(A;B;C), with parameters A=(10,10),
B=(20,20), C=navigation channel linking A and B, definesacon-
crete control problem: go from location A to location B while
navigating inside channel C.

For the sake of clarity we now introduce the following defi-
nitions:

Definition 2 (Safe maneuver). A maneuver whose execution
does not violate the specifications.

Definition 3 (Correct maneuver design). A maneuver design
that ensures the execution of a maneuver is always safe, evenin
the presence of disturbances, as defined in the information sets.

Definition 4 (Complex maneuver). Prototypical solution to a
class of ship motion problems characterized by:

1. Objective.

2. Hard and soft constraints.

3. Information sets.

4. Controller that coordinates the execution of the elemental
maneuver s that compose this maneuver.

Control architecture
The control architecture is at the level of design that ad-
dressesthe overall structure and the properties of control systems,

5Thisis an overloading of word maneuver, as defined in the dictionary (ENC,
2000): "acontrolled change of course of avehicle or avessel”.
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hence providingafocusfor certain aspectsof design and devel op-
ment that are not appropriately addressed within the constituent
modules (see (Garlan, 1995) for a discussion on software archi-
tectures). This structure is formalized in terms of layers and the
respective interfaces. We consider a three-level control architec-
ture.

Regulation Layer— the automated vehicles. The dynamical
models of the vehicles are given in terms of nonlinear ordinary
differential equations. This level deals with continuous signals,
and interfaces directly with the vehicle hardware. Control laws
are given as vehicle state or observation feedback policies for
controlling the vehicle dynamics. Control laws at this level cor-
respond to low level commands such as course keeping, turning,
etc..

Maneuver Layer— control and observation subsystems re-
sponsible for safe execution of maneuvers—the first level of au-
tomation. The supervisory layer commands the execution of el-
emental and complex maneuvers according to the motion plan.
Interactionswith the regul ation |ayer are mediated by the elemen-
tal maneuvers. Each elementary maneuver sends low-level com-
mandsto theregulation layer and receiveseventsconcerningtheir
completion or failure. Elemental maneuver control is given in
terms of hybrid automata. Complex maneuver control isformed
of acontrol law, and aprotocol that is used to coordinate the ele-
mental maneuversinvolved itsthe execution. The current design
uses protocolsin the form of finite state machines.

Supervisory Layer— control strategies that the ship follows
in order to maximize safety and efficiency according to an opera-
tional plan—total automation. Thislayer supervisestheexecution
of the motion plan.

Control design

Here we discuss control design for this architecture and re-
latedwork. For reasons explained beforewe will concentratethis
discussion on control synthesis for the maneuver layer. The lit-
erature is not abundant on ship control design at thislevel. The
cause may bethenovelty of distributed hybrid control techniques.

The generic problem of elemental maneuver control synthe-
siscan be described asfollows: given adynamic system, or acol-
lection of interacting dynamic systems, synthesizeacontroller so
that the system(s) satisfies(y) the maneuver specifications. The
type of maneuver specification dictatesthe type of control formu-
lation. Examplesinclude: 1) the problem of invariance — stay-
ing inside someregion; 2) the problem of attaining agiven target
set while the trajectories of the system remain inside some other
set; 3) the problem of optimizing some criteria; 4) the problem of
stabilizing a system. Inherent to most of these control formula-
tionsis the problem of reach set computation — the set of all po-
sitions that the ship can reach from a given starting position. In
fact, given the reach set, it is quite simple to solve most of these
problems.

Reach set computation for hybrid systems has received con-
siderable attention from the control systems community. For
our developments we are interested in the approach proposed
by Kurzhanskii and Varaiya (Kurzhanskii and Varaiya, 2000).
They use dynamic programming techniques to describe reach
sets and related problems of forward and backward reachability
(Kurzhanskii and Varaiya, 2000). These problemsareformul ated
as optimization problems that are solved through the Hamilton-
Jacobi-Bellman equations. Thereach setsarethe level setsof the
value function solutions to these equations.

The problem of controller synthesis and performance is
highly dependent on the availability of good models (Lewis,
1989), (Faltinsen, 1990). The problem of devising models for
ship handling performance in restricted waters is addressed in
(Eda, 1986) and (Yeung and T., 1980).

The control formulations that we use fall within the cate-
gories of differential games and viability theory. Viability can be
described as follows: given adynamical system, aregion K, and
a set of initial conditions that lie within K, synthesize a control
law that ensures the state of the system never leaves K (Aubin,
1991). The setting of differential gamesis that of a dynamic op-
timization problem where the control inputs are partitioned into
two classes: 1) thoseavailablefor controlling the system, 2) those
availabletotheadversary or the disturbance. This setting extends
that of deterministic optimal control to the case where a stochas-
tic characterization of the disturbancesis not available, prevent-
ing the formulation of a stochastic optimal control problem.

Let usdiscussthe design of controllersfor an elemental ma-
neuver in the framework of hybrid systems. Thisisdonein three
phases: 1) tranglation of the maneuver specificationsinto restric-
tions on the system’s reachable sets of states; 2) formulation of
a differential game of the appropriate type (example reaching a
target set), and derivation of Hamilton-Jacobi-Bellman equations
whose sol utions describe the boundaries of the reachable setsand
of the safe set — the set of all positions from which thereisacon-
troller that ensures the target is aways reached; 3) synthesis of
the hybrid controller from these equations. The hybrid controller
consistsof: 1) aspecification of the safe set; 2) aleast restrictive
controller that assumesthe form of afeedback control law for the
continuous and discrete variables which guarantees that the hy-
brid system remainsin the” safe subset” of the reachable set; 3) a
controller that selectsthefinal control setting from the set of con-
trol options given by the least restrictive controller. The least re-
strictive controller solves the problem of correctness while leav-
ing room for other control considerationswhen safety (constraint
violation) or the attainment of objectives are not at stake. Prior
to execution the controller performs afeasibility check for ama-
neuver specification. Upon this check, it ensures correctness of
the maneuver. It does thisby generating a non-deterministic out-
put —the set of feasible controls—when safety isnot at stake. The
second controller sel ectsthe commanded control setting fromthis
set. This two-level control design allows for the integration of
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qualitative design techniquesthat may account for qualitative hu-
man decision-making.

Results from differential games and viability theory have
been used to synthesize maneuvers and controllers for aircrafts.
A game theoretic approach to the design of safe collision-
avoidance maneuvers for air traffic management systems was
proposed in (Lygeros et a., 1995). Results from viability theory
were used in (Leitmann et al., 2000) to address the problem of
aircraft take-off in windshear. The differential game formulation
wasalso usedin (Miloh and Pachter, 1989) to addressthe problem
of modeling the encounter of two shipsin a seaway from the dual
pointsof view of collision-avoidanceand pursuit-evasion maneu-
vers. The effect of speed-loss experienced by ships during aturn
isincorporated into the model. The theory of differential games
is used to establish the safe zone or the capture zone in collision
avoidance or pursuit-evasion, respectively. The maneuvers are
not integrated in a ship maneuvering control framework.

Theliteratureisvast on applications of optimal control to the
problem of prescribing optimal maneuversfor the motion of vehi-
cles. For example, in (Tzeng, 1998), the steering control of aship
during a course-changing maneuver isformulated as a Bolza op-
timal control problem. The problem is solved via the sequential
gradient-restoration algorithm. Nonlinear differential equations
describing the yaw dynamics of a steering ship are employed as
the differential constraints, and both amplitude and slew rate lim-
itson the rudder are imposed. Two performance indices are min-
imized: one measuresthe timeintegral of the squared course de-
viation between the actual ship course and atarget course; the
other measuresthe timeintegral of the absolute course deviation.
In a sequence of two papers, (Miele et a., 1999a; Miele et a.,
1999b), optimal control methods are used to synthesize collision
avoidance maneuvers with and without cooperation and course
change maneuvers, under actuator saturation constraints. The
course change maneuvers are closely related to problem 2) asde-
fined in above. The problem of these approachesisthat although
optimal controls may exhibit some robustnessin the presence of
disturbances (Glad, 1987), there is no way of ensuring that tra-
jectories of the system stay within a safety region. Maneuver de-
sign techniques are not limited to optimal control. For example,
dliding mode controllers are used in (Zhang et a., 1998; Hedrick
et al., 1999), backstepping approaches in (Grovlen and Fossen,
1996) and H., control in (Hyakudomeet al., 1999). Thenagain, it
isnot possibleto guarantee safety by design. Some of these tech-
nigues do not take into consideration the problem of input satura-
tion, that makes their application prone to exhibit unpredictable
behavior.

For a brief discussion on protocol design for complex ma-
neuvers see (Varaiyaet al., 2001).

CONCLUSIONS

Thispaper reportsan approach for maneuver designand con-
trol of ocean vehicles. The novelty of our approach stems from
the consideration of systems engineering principles and of dis-
tributed hybrid systems techniques. The innovations are the in-
troduction of safe elemental maneuvers in athree level coordi-
nation and control hierarchy, in order to manage complexity. We
formalize the notion of elemental maneuver and synthesize safe
elemental maneuvers using techniques from hybrid systems, dif-
ferential games and viability theory.

Futurework includesimplementing afull set of safe elemen-
tal maneuvers and enriching the maneuver switching logic to ac-
commodate faults and automated planning.

We envision using thisapproachto design and implement ad-
vanced control systemsfor new applicationssuch as ship platoon-
ingin restricted waterways, cargo transfer between ships, thruster
assisted mooring and automated docking.
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