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Abstract: This paper overviews graphical simulators used for Autonomous Underwater Vehicles
(AUVs) developmentGraphicalsimulatorsallow researcherso developautonomoussoftwarewithout
the needfor the actualvehicle. Thereare many graphicalsimulatorsdevelopedto date,for somebody
whois involved in AUV researchit becomedifficult to decidewhich simulatorto usewithout going
through extensive literatureeview, this then necessitatea summaryand classification of available
simulators. Instead of a review of all underwatervirtual environmentsdevelopedto date, the paper
describes selectionwhich onlyreflectsthe authors’preferenceandproposes classification.

Keywords: AutonomousJUnderwateVehicles,graphicalsimulators,online simulation,offline simulation.

1.INTRODUCTION

An AUV is an unmanned,untethered sub-seavehicle with

sensors,actuatorsand on-board intelligence to carry out a
missionwithout humanoperatorinterferenceor supportfrom

a ship (Groaninget al., 1998). Tasksthat can be carried out
by thesevehiclesinclude pipe assessmertable inspection,
seabed exploration, surveying chemical and biological
oceanographyut to mention a fewAs the complexity oAUV

missions increases,it becomes necessaryto design and
developnew control architecturesand algorithms.Validation
of these control algorithms and architecturespresentsa
challengeto researchersas it requiresreal — life testing and
monitoring of the vehicles However, real - life
testing presentsa high risk of damageor even loss of

AUVs if the algorithmfails It is thennecessaryo substitute
real — life testing with simulation which is safer and cost
effective (Gracaninet al., 1998). The use of a simulator
avoids on- boarddata collection, scenarioconstructionand
underwater recovernpf AUVs. Controller tuning, mission
planning, fault tolerance monitoring and analysiscan all be
performedin a 3-Dimensiona(3D) virtual environmentprior
to theactual sea-trials (Choiet al., 1993).For a simulatorto

modelthe underwaterenvironmentandthe vehicleaccurately
all featuresof the environmentmust be represente@nd it

mustalsoprovidea userinterface (Gracaniet al., 1998).

During the early stages of AUV development, offline
simulatorslike MATLAB/SIMULINK play a very important
role in modelling the vehicle and control systems. A
bottleneck of this kind of simulation is that it does not
representthe external environmentand hence the external
sensorssuch as sonarcannotbe modelled. Again in offline
simulationone secondof simulationcanbe lessor morethan
one secondof reality as a result the time propertiesof the

developedalgorithmsarenot takeninto consideration. On the
other hand,the online simulators guarantee consistency
betweensimulationand reality. It is also possiblefor a team
of engineergo work concurrently on different features of damtrol
systemof a virtual robot (Ridaoet al., 2004).

Anothertype of simulationis Hardwarein the loop (HIL), it
permits the developedalgorithm to be executedin the real
vehicle hardware while the vehicle’s actions are directed
towards the simulator. For an enhanced perfomance of the
simulator,real andvirtual systemscanfunctiontogetherin an

improved environment.This then makesthe simulationof a

vehicle navigating in a test tank while using virtuial @amossible.This

is a HIL simulator configuration is known asybrid simulation

(HS). The reliability of offline, online and HIL simulation

dependson the accuracyof the vehicle, world, environment
and sensor modeBeing usedRRidaoet al., 2003.

The world modelis madeup of datarepresentinginderwater
agentslike fish, vehiclesand underwatembjectslike wrecks,
Remotely Operated Vehicle ROV) panels and the sidea
structure. It permits the simulation of the vehicle’s actions
while underwaterusing its sensorsto acquire information
about its immediate environmentThe environmentmodel
allows the simulation of environmentaleffects like tides,
currents,wavesand winds, thoughwaves and winds affect
the vehicle while it is on the surface.These affect the
performanceof the vehicleasit moves underwatefRidao et
al., 2004).

Similar work to review virtual simulatorshas been carried
outby (Ridaoet al., 2004and Gracaninet al., 1998.

(Gracaninet al., 1998) gives a brief descriptionof several
simulators but does not proposeany classificationwhereas
(Ridao et al., 2004) proposesa classification withoutany
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description of those testbeds. This paper overviews,
summarisesgives a descriptionand proposesa classification
of differentvirtual simulators.

Therestof the paperis structuredasfollows. Sections?, 3, 4,
5, 6, 7, and 8 give descriptionsand features of MVS,
CADCON, IGW, NEPTUNE, DVECS, SUBSIM, and
DEEPWORKS simulation testbedsrespectively. Section 9
presentsthe discussionsand the conclusionsare found in
Sectionl0.

2. MULTI-VEHICLE SIMULATOR (MVS)

The MVS was developedat the UnderwaterRobotics and
Application Laboratoryof the University of Tokyo, Japanfor
theTwin —Burgerl AUV (Gracaninet al., 1998).This virtual
underwaterenvironmentwas designedas an incorporated
developing environment to handle the varidaselopmenstages,
i.e.from consideratiorof mission strategiesf a vehicleup to
the last stagejust before launchindghe vehicleinto the ocean.
The MVS was developedespeciallyfor handling multiple
vehicle simulation andon-line works wih actual vehicles.
The syntheticworld is producedby substitutingsomepart of
the real data with the virtual data hence facilitating the
creation of virtual agents likevehicles and obstacles.This
makesthe actual AUV notto beableto discriminatebetween
the real and virtual agents,it thenbecomegossibleto create
anunderwatetterrainin a testingtank. Sincethe actual AUV
in the testingtank suppliesthe essentialdata, AUV related
simulation (dynamics)is discarded(Kuroda et al., 1996).
Detailed informatioron the MVS canbe foundin (Kurodaet
al., 1996).

2.1 Features of MVS

Multi —agentsimulation.

The MVS can manage many agentsveljicles,
obstacles divers, seabed etc) concurrently. It has a

distributed architecturevhere agents are linked by manager

processesvhich providesthe agentswith virtual datasuchas
disturbancecgollision, andrangingsonar.

Multi-user accessibility.

Work-group userscan connectto the MVS through network
andwork togetherin the sharedworkspace.

* Real-timeperformance& connectivityto the actual
systems.

The real-time simulation is important for investigatingthe

availability of the developedsoftware and hardwarein the

actualscene.The connectivityto the actual/ virtual systems
providesa largescale smulation under woridwide network1VS can
also be used for telgperationsince researchecanget accesdo

any networkedagent.
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Multi-world & multi-CPU availability.

The distributed architectureof the MVS provides multi-cpu
arrangemenéasaresultthe heavy processesan becarriedout
on other platformslinked throughthe network. A distinctive
feature of MVS is the multiworld creativity. This allows
construction of independent virtual worlds to other
usershencereducingheavynetworkresourceconsumption.

Real-timerenderedD visualization

The MVS permits connectingthe graphic subsystemgo the
actualvehiclesthat are equippedwith vision sensorghereby
providingthemwith visual images of the virtual environment.

Portablesystem

The MVS usually works on any type of processing units
connectedhroughany type of networks.The core programs

of theMVS arecurrentlyrunningunderSUN, SGI, SVR4 and
Linux on PCs,andINMOS’s TransputersTheyare connected
to eachotherthroughTCP/IP or Transputedinks (Kurodaet

al., 1996).

3.COOPERATIVEAUV DEVELOPMENT CONCEPT
(CADCON)

CADCON was developed at the Autonomous Undersea
Systemsinstiute AUSI) to support research in the areamfltiple
cooperative vehicles. It incorporates a multi — agent
simulation, visualisation system and a control harness
designedo simulate dairly accurate underwater environment
that can be sharedby simulatedor actual vehiclexonnected
through the Internet (Chappellet al., 1999).It providesan
open and flexible simulation environmenfor use by as
many researchers as possib@ADCON tries to address
issues in  complex systems such as Autonomous
OceanographicSampling Network (AOSN), i.e. problems
related to the interactionsamongstmultiple heterogeneous
agents;be thoseagents’simulations,real vehiclespr human
users. CADCON has been used to test and evaluatesolar
powered AUV $SAUV) systems componentand multiple
cooperatingvehicle missionprofiles.

3.1 Features of CADCON

All CADCON component$avebeendevelopedorun
onthelBM compatiblecomputer.

The client/server model is used for CADCON
environment components and communication
betweerthemis throughthe Internet: TCP/IP.

CADCON permits joint simulation scenariosby
distantinstitutionssince componentsare linked via
TCP/IP sockets,thereforethey may be distributed
acrosdntranetsandlinternet.
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* Theclient/servermodelallows modular
developmentT CP/IPprotocol permit.

e CADCON permitsfor realhardwaren theloop
simulation(HIL).

¢ Theclient/servermodelallows modular
developmentT CP/IPprotocol permit.

4. INTEGRATED GRAPHICSWORKSTATION (IGW)

IGW was developedat the AutonomousSystemsLaboratory
of the University of Hawaii, USA for the Omni — Directional
Intelligent Navigator (ODIN) AUV. It is made up of the 3-

Dimensional background graphics (the data visualizer
module), the vehicle graphicsand interface (the advanced
visualizer) module, the numerical (AUV dynamics)module,
the control module,the communicationmoduleandthe gage
panelmodule(Choiet al., 1993).

The IGW is usedfor both the vehicle control station and
graphicsimulator.lt worksin two modes:remotecontroland
autonomousmodes. As a vehicle graphic simulator, the
dynamicvehiclemodelin IGW with otheractualdatais used
to build advancedvehicle technologiesIGW is usedin the
planning stageto simulate and practice the vehicle motion
prior to the mission. It is also used to supervisevehicle
motion(Choiet al., 1993).

4.1 Features of IGW
e Modularapproach

As a result of the modular approach,developmenttrouble
shooting, testing and incorporationof new modulesare all
independent.

* Remotecontrolmode

The global coordinatedata from the vehicle is forwarded
straightinto the workstation,this informationis then utilized
by IGW to continuouslyupdategraphicviews of the vehicle
on the screen.The operatordirectly controlsthe vehicle with

amouse or joystick.

*  Autonomousmode

In the autonomousmode, IGW works as a monitor and the
onboardcomputertakescontrol of thevehicle.

5NEPTUNE

NEPTUNEIs areal-timegraphicalsimulatordevelopedat the
Institute of Informatics and Applications, University of
Gironafor the URIS UnmannedUnderwaterVehicle (UUV).
It hasthe potentialfor running on-line, hardwarein the loop

(HIL) and hybrid simulation. It models UUV using their
hydrodynamic equations whereas thrusters are modelled
through the affine model. The world is modelled using
VRML together with bathymetry model and sonar is
modelledusinga geometrianethod.NEPTUNE cansimulate
the following sensors:range detection sonar, vision and
internalsensors (positiorgttitude,speedanddepth)(Ridao et
al.,2009.

5.1 Features of NEPTUNE
¢ Flexibility

New virtual worldsandUUV modelscanbeeasily
incorporated.
e Multi — Vehicle Simulator

More thanonerobotcanbe simulatedat the sametime.

» Distributedapplication
To permit real time performance the application entails a
numberof processese. NEPTUNE main program,onerobot
dynamicsprocesdor eachsimulatedrobotanda name server.

» All theprogramscommunicatevia TCP/IPnetwork

6. DISTRIBUTED VIRTUAL ENVIRONMENT
COLLABORATIVE SIMULATOR (DVECS)

DVECS is a 3-dimensional, virtual, hybrid, synthetic,
collaborativeworld simulator developedat the Autonomous
SystemslLaboratoryof the University of Hawaii for the Semi
- AutonomousUnderwaterVehicle for InterventionMissions
(SAUVIM). It is used for assessmentof unmanned
underwater vehicles (UUV) of both actual and simulated
worlds where collaboration of other real and simulated
vehicles,situations,obstaclesconditionsand disturbancesn

a virtual environment can be observed without physical
interferencgChoiet al.).

6.1 Features of DVECS
e It can be usedto establishthe best performance
and criteriafor the cooperatingvehicles and its
relative application.
e It can be usedto determinethe advantagesand
disadvantagesof cooperative application tasks
betweemmultiple UUVs.

* Tofind optimalcommunicatiorinks betweerthe
cooperatingrehiclesandits remotecontrol stations.

e Itisusedasmonitoringsystem.

e Distributedapproach
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DVECS's architecturehas been developedto work in a
networked environment where each component of the
simulation can be processedon a separatesystem,hence
distributingthe computatiorioad.

e Userscandevelopandassessheir AUV simulations
acrosghe Internetusingcommonservers.

Multiple simulated or actual agents can interact over a
networked environment without sharing code. Protected
algorithmscan be assessedh a sharedenvironmentwithout
makingthempublic.

e Links via the Internetalso permits collaborationby
researcherfom manydifferentresearchnstitutions

7.SUBSIM

SUBSIM is a 3 — dimensionaldynamic simulatorfor AUVs
and the externalenvironmentdevelopedat the University of
Western Australia. It permits assessmentof application
design, mission simulation, controller tuning and fault —
tolerance, therefore there is no need for onboard data
collection, scenarioconstructionand underwaterrecovery of
AUVs. SUBSIM accurately models the motion of objects
underthe influence of forces and collisions using a 3" party
enginecalled Newton.Sensorsmotor, andliquid effects were
modelledusing the PhysicsAbstractionLayer (PAL) library.
It usesOpenGLalongwith a customhigh-level interfacefor
graphicalmodels.SubSimsupportsMilkshape 3Dmodels. It
hasbeentestedon the Windows XP and Windows98 Second
Edition operatingsystems,on both Intel Pentiumand AMD
Athlon processorsDetailed information onSUBSIM can be
foundin the University of Western AustralidVeb page.

7.1 Features of SUBSIM
e Simulationstart/pause/stopndsimulationtime
display.
e Application programming interfacethat

compatiblewith C andC++.

e Customizatiorof simulationparametersAUV and
environmenthroughXML files.

»  ExtensibilitythroughC++ plugin model.
8. DEEPWORKS

Deep Works was developed for the 3 dimensional
simulations ofall aspectsof underwatersystemsby GRL in
the United Kingdom.lIts baseproduct Deep View has the
capacity to create complex sub-sea environments.Deep
Works has three otheradd-onmodules,namely Deep Live,

DeepSim, and DeepTouchwhich enhancesits real-time
dynamic simulation capabilities.DeepView has play and
replay functions of any sub-seascenario. These permit
operator training and mission planning.DeepLive allows
real-time monitoring and visualisatiorof offshore assetsfor
improved safetyand performanceDeepSimmodelsthe true
hydrodynamic responsef componentswhen exposed to
water effects thereforét addsdynamic,real-time simulation
to the platform.DeepTouchpermitsinteractionsbetweenany
objectsin the world model so that the simulationis as close
to reality aspossible. Detailed information can be found in the
GRL website.

8.1 Features of DeepWorks
* Missionplanningin avirtual environment
* Operatortraining

* Visualisationof completeenvironmentswith real-
time vehicletracking

9. DISCUSSIONS

Table 1 in Appendix A summariseshe main featuresof
the simulatorsdescribedabove.From Table 1 it can be
noticed that different simulators possess different
characteristics dependingn the applications they were
designedfor. Table 2givesa classificationof functionsthat
can be performedby simulatorsaccordingto the features
they possess. The classificatigmovided below is only for
the simulatorsdiscussedn this paper.

10. CONCLUSIONS

Graphicalsimulatorsplay a key role in AUV development.
Depending on the application, they can perform in
different waysthat is; offline, online, hardwarein the loop
(HIL) and hybridsimulation(HS). Graphicalsimulatorscan
alsobe usedas monitoring systemsand/ormissionplayback
or for operatortraining. They alsovary in the type of AUV,
world, environmenandsensomodelstheyuse.
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Appendix A

Tablel. Summaryof simulationtestbedgfeaturesandfunctions)

SUBSIM CADCON
3D (using
OpenGL,
Graphics support 3D
milkshape
models)
Type of : :
Simulation Offline Online, HIL
Real Time NO YES
YES (Using
engine)
Environment Lg\fﬂgs'”g YES (SMTIC
modelling . . model)
physics engine)
Internal (1) & YES (using
External (E) | Physics YES
Sensors Abstraction
Layer)
Multiple-
vehicle NO YES
Vehicle (V) & Hydrodynamics
Thruster (T) | (V), Dynamic YES
modelling Model (T)
- YES
e, No(cee
network)
Robotics &
Automation Glrj]té):;?; us
Institution / Lab, The Systems
Organisation |  University of | YS!
Western nstitute,
h USA
Australia

NEPTUNE

3D (using
OpenGL)

Online, HIL,
HS

YES

VRML
model,
Bathymetry
model

Not yet
supported

Sonar (E),
Vision (E)
Position,
speed,
depth &
Attitude
sensor(l)

YES

Hydrodynamig
V)
Affine model

M

YES
(TCP/IP
network)

Computer
Vision and
Robotics,
University of
Girona, Spain

MVS

3D

Online, HIL, HS,
(Performs Mission
Playback)

YES

YES

YES

Speed sensor
(1), Depth
sensor (1)
Sonar (E),
vision (E)

YES

YES

YES (TCP/IP
network)

Underwater
Roboticsand
Application
Laboratory,
the )
University
of Tokyo,

DVECS

3D (using
OpenGL)

Online, HS HIL
(Performs
Monitoring)

YES

YES

YES (Models
Currents)

Sonar (E), vision

()

YES

Hydrodynamics
V)
Affine model (T)

YES
(TCP/IP
network)

Autonomous
Systems
Laboratory,
University of
Hawaii,
USA.

IGW

Online, HIL,
HS, (performs
Monitoring,
Operator
Training)

YES

YES

YES (using
local
underwater
mapping data)

YES

NO

DeepWorks

3D

Offline, HIL,
(Performs
Monitoring,
Mission
Playback,
Operator
Training)

YES

YES

YES (models

currents, tides,

clouding,
particles)

Vision (E), Sonar

(B)

NO

Hydrodynamics Hydrodynamics
\Y

YES

Autonomous
Systems
Laboratory,
University of
Hawaii, USA.

NO

GRL
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Developed for

miarf;ational Developed for the
Application SAUV - : simulation of all
- Autonomous The Twin-Burger |, SAUVIM,
(Field Underwater AUSI, EAVE, URIS, GARBI PTEROA, MANTA ODIN ODIN AUV | aspects of
robots) Vehicle EST underwater
Competition in systems
Australia
Multi-user | N YES YES YES YES YES NO
accessibility
Computer Windows IBM Runs on any type of
System / XP, " processing unit, on any Microsoft
language Windows 98/ C, %%r:]pitt'gg type of network. SUN, UNIX/C Windows
compatability| C++ P SCI,SVR4,LINUX
Type Open source Open source soopuerrc: e Open source Open source Open source Commercial

Table2. Classificationof functionsaccordingto featurespossessetly simulators.

Functions

Monitoring Mission Playback| Operator Training t'égg\’;?nr%llgﬂtgﬁ Hybrid Simulation Online Simulation Offline Simulation

Features

Distribution v v J J J

TCP/IP v v J N N

Vehicle nodel | v \ N N N N N
Thruster model | ¥ N N N N
Environment |V \ N N N N N
model

World model v \ N N
Externel sensors | v \ N N N N N
Internal sensorg v 3 N N N N
3D graphic: v N N N N N N

Real Tine \/ \/ \/ v v v v



