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Abstract

Visual exploration and reconnaissanceunderwater
whetherby humansor unmannedvehicle presentsmany
challenges. One of thesechallengesis the limited visibil-
ity distancein mud of the worlds oceans. Whenvisibility
is limited there are signi cant advantaes, as natural evo-
lution hasshown,to a verywide eld of view. Whiletradi-
tional “F ish-eye” lenseshavebeenaroundfor years, they
distort the image in a way that is very dif cult to corvert
bad into a perspectivelycorrect image. This paper ex-
aminesthe useof recentdesignsin omni-directionalcam-
eras andtheir usefor underwaterexploration. Not only is
the wide- eld of view importantin low-visibility, but with
a more thanhemisphericaleld of view, it alsoresultsin a
systenwhich placesminimal“aiming” requirementgor the
camen opemtor.

Marine mammals,in particular dolphins and whales,
havea natural ability to navigateandlocatetargetsevenin
nearzeo visibility conditionsandhavingtheir helpwith ex-
plorationor reconnaissanceasmanypotentialadvantaes.
This paperdiscussesn omni-directionalcamern designed
to be carried by marine mammals. The systenmwas tested
with botha dolphinanda Belugawhale Thispaperbrie y
discussebothsystemssuedor collectionandinterfacedor
humanviewing of the resultingomni-directionalvideo.

I. INTRODUCTION

Underwateris a very challengingervironmentfor video
systemsln mostof theworld's nearshorewaterways, vis-
ibility is limited to under8-10 meterson a good day and
often only 1-3 meters. In addition, the true 3D natureof
anundervaterworld addsanadditionalchallenge—itis not
clearin which directiononeshouldlook.

For remotevehicle operationthereare mary choicesfor
imaging systemsincluding remotepan andtilt units. For
this project, however, the imaging systemwas intendedto
becarriedby amarinemammal. Theunderlyinggoalwasto
take advantageof the naturalecholocationabilities of these
animalsto navigate to targetsof interestin murky waters,

andthenbring backvideofor analysisby humanoperators.

This would have value in searchand rescue,salage and
intelligenceoperationsThereis aninherentaddedif culty

— the animal operatordoesnot necessarilyjknow what is
of interestto the humanhandlerso whomthey will return
the camera. Othervideo systemshave beendesignedfor
dolphinsto carry, butthey havelimited views andmaobility.
For this ervironmentit is naturalto seeka very wide- eld-
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95-1-0601.Also, specialthanksto themary peopleatthe SFAWARS cen-
ter, especiallyRandyBrill, andthe handlerslohn,DebbieandCindy:.

318-062

of-view sensorideally anomni-directionalideosensorin
thisway if theanimalgetscloseto thetarget,videoof it will
becollected.Our systems shovnin gure 1.

Fig. 1. TheDOVE system:A dolphinomni-directionalvideosystem.

Previouswork haseitheracceptedvhatevervideothean-
imals have collected,or have usedthe animalin a coopera-
tivemode.In thelatter, thedolphinsweretrainedto respond
to auditorysignalsand could both aim and panthe camera
underguidancefrom aremotehandlerwho waswatchinga
live feed[1]. This did take advantageof the animal's ability
to locatetargets but placedsigni cant limits on how far/fast
theanimalscouldgo.

While our primary goalshereinarerelatedto animaging
systemto be carriedby a marinemammal,muchof it ap-
plies equally well to undervater remoteoperatedvehicles
(ROVSs), especiallyif the ROV is autonomous.

In sectionll we presenainoverview of theParacamerde-
signandits advantageg$or undervateruse.In sectionlll we
examinetheresolutionissuedor thecameraandcomparet
to a traditionalcameraanda sh-eye lens. In sectionlV
we discusdisplayissuesanddifferentwaysof viewing the
data. In sectionV we showv variousimagestaken with un-
derwatercamerasanddiscussour testingandoverall expe-
riences We endwith adiscussiorof futurework.

Il. PARACAMERA DESIGNS

The ability to generateomni-directionalvideo hasbeen
aroundfor yearse.g.se€[2], [3], [4], butit hasseerlimited
usage Whathaschangedecently andis driving a growing
interest,is the combinationof simultaneouslecreasedize
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Fig. 2. Component®f the marinemammalcarriedParacameraNote basicdesignis straightimagingof a mirror. The folding doesnot changethe basic

imagingsystemijt justfolds the opticalpathmakingit morecompact.

and increasedquality in collection systems,coupledwith
low-costmeanof presenting/processinfisdatato provide
undistortedperspectieimages.

Our omni-directionalwork is basedon the basic“Para-
camera’which is an omni-directionalcameradesignedy
ShreeNayar[5].* Thiscameradirectly capturesafull hemi-
sphere(or more) while maintaining a single perspectie
viewpointallowing it to be usedfor full motionvideo. Fur
thermore placingtwo of theseParacameraystemsack-to-
backallows a true viewing spherej.e. 360x 360 viewing.
Unlike sh-eyelensesgachimagein theParacameraystem
canbeprocessedo generatggeometricallycorrectperspec-

tiveimagesin ary directionwithin theviewing hemisphere.

As shavn in gure 2, our customvariationsof the Para-
cameraomni-directionalimager combinesa orthographic
lensanda parabolicmirror. To make it easierto operate,
asmall at “folding mirror” is addeduo fold the opticalpath
suchthat it is parallelto the axis of the parabolicmirror
while keepingtheactualcamereaout of themirror's eld-of-
view.

Theorthographidensresultsn theraysenteringthecam-
erabeingparallel. Raysparallelto the optical axis re ect
off a parabolicsurfaceat an anglesuchthatthey virtually
intersectat the focus of the parabolicsurface;the focusof
theparabolicsurfacesprovidesasingle“virtual” viewpoint.
This is similar in spirit to the useof parabolicsurfacesin
satellitedishes but dishesusethe “inside” of the parabolic
surfaceto collecttheenegy from parallelraysfrom adistant
radiosource.

We notethatthe useof anorthographidens,just before
the cameraalsohasanaddedbene t for undervaterwork.
Becausdhe rays enteringthe cameraare parallel, the sys-
temusesa at glassportalbetweerthe glassandthewater,
while the imagingmirror is in the water Becausedhe rays
of interestareparallelthereis not anissueof refractionand
chromaticaberratioraswe crossthe air/glass/vaterbound-
aries.The curvedmirror is madeof polishedstainlesssteel,

RemoteRealityinc (formally Cyclovision Inc) hasexclusie rights to
this patentediesign.

andsinceit is operatingvia re ection ratherthanrefraction,
theaberrationaresmall.

Not only doesthe at glassportalreduceissuef refrac-
tion artifacts,it is alsosigni cantly cheapeto build, espe-
cially for deepwateroperation.If onewantedto addaportal
to avery deepsubmersiblevehicle,this would beidealasa
small(1-2") at glassportalis all thatis neededo provide
amorethanhemi-sphericaFOV.

Fig. 3. ExampleParaimagdrom anundervaterscene.Thediversareall
aroundthedive masteywhois playingaroundby puttinganoctopuson
hisface.

Theimagescapturedoy the Paracameraave adoughnut-
like shapeg.g. gure 3 shavs anundervatersceneneara
cave containinga shark. While it may look distorted,the
underlyingimagehasa single virtual viewpoint. This sin-
gle virtual viewpointis critical for our RemoteReality soft-
ware, asit permitsa consistentnterpretationof the world
with a very smoothtransitionasthe userchangeghe view-
ing direction. While thereare other systemswith large or
evenhemisphericelds of view, asshaw in [6], sh-eyelens
and hemisphericalmirrors do not satisfythe single view-
pointconstaint. Thesingleviewpointalsomakesit simpler



to “back-project”’raysinto the world for metrologyor 3D
targetlocalization,e.g.[7].

I1l. RESOLUTION

Becauseomni-directionalimaging compresses hemi-
sphereFOV into a smallimage,maintainingresolutionand
capturedmagequality is quite important,andtakescareful
design.While the processcalego ary sizeimager thecur-
rentsystemauiseNTSC (640x480)or PAL (756x568)cam-
eras. For a standard640x480camerawe cancomputethe
horizontal(vertical) resolutionastheratio of the numberof
pixelsto the horizontal(vertical) FOV in degrees. For ex-
ampleanNTSC camerawith awide anglelensproducinga

FOV hashorizontalresolutionof — ppd
andaverticalresolutionof — ppd Forawider FOV
lens,say150degreeswe get4.2ppd.

Becausehe paracamer@dmagesthe world in a circular
like pattern,computingits resolutionis moredif cult than
for a standardcamera. For horizontalresolution,we con-
siderthe directiontangentto the mirrors edge,(i.e. circles
centeredon the mirror), andfor vertical resolutionwe use
the normaldirection. If we setthe systemso that the im-
ageof themirror lls theimageof the CCD we capturean
approximately FOV.2 The horizontalresolu-
tion alongthe edgeof the mirror (i.e. edgeof the ROI) is

% ppd At the mirror's edgethe vertical
resolutionis, asin the standarccamereacasethesameasthe
horizontal.If we zoomin to Il thehorizontalaspecof the
camergwhich limits the FOV to ), weincrease
resolutionto 5.6ppd.

Fromthis we canseethat nearthe mirror's edgea para-
camerawith a FOV hassimilar resolutionto
a regular camerawith a FOV. Sinceboth are
using the samecameratheremustbe a lossin resolution
somavhereelse. While it may seemcounterintuitive, the
spatialresolutionof the omni-directionaimagesis greatest
alongthe horizon, just whereobjectsare mostdistant. As
onetargetsmove closerto the centerof the mirror the over
all resolutiondropsby afactorof 4.

At this point we note the only way to get closeto the
paracamera FOV without a catadioptricsystemwould be
to usea “ sh-eye” lens. Thesecamerasalso have a hon-
uniform packingof pixelsinto theimagearray However, a

sh-eye's resolutionis worst alongthe edgesof theimage
(andbestin the center). For comparisongure 4 shows a
smallareaof araw takenwith a Nikon 360x90FQV (a.k.a.
180x180FOV), one using a Nikon sh-eye lens and the
otherwith a 360x105F® Parashottameras.Eventhough
the Parashothasa larger eld-of-view, thereare mary de-
tails clearlyvisible in thepara-imagéehatarelostin the sh-
eyeimage.

Unfortunatelyterminologyfor describingarge elds of view is notal-
ways consistent. We are using the notationthat FOV is measuredvith
2 angles. We would say a hemisphericaFOV is anda full
sphericalview would be . Onecould alsoreferto a hemi-
sphereFOV as , however this formatis dif cult to usefor
elds of view greaterthana hemispherelt is alsocommonfor the angles
to be useso thatoverlap, e.g. a hemisphericaleld of view describedas

andasphereicaliew as

IV. USER INTERFACES FOR OMNI-DIRECTIONAL VIDEO

Giventhe morethanhemisphericaleld of view, thereis
the questionof how to presenthis datato theuser We have
developeda few differentinterfaces,andin [8] we discuss
experimentdo measuréehe effectivenes®f the differentin-
terfacedfor thetaskof building interiorreconnaissancé.he
interfacesarediscussedh [9], andcanbebrokendown into
threegroups:

highly immersve: giving theusertheimpressiorthey are
attheremotelocation;hencewe call it RemoteReality.

informative: giving the useraccesso remote“informa-
tion” in ary or all directions,while still maintainingthe
userslocal situationalawareness.

augmentre: enhancingeitherof the above interfacewith
overlayedcontextual information. This reducesmmersion
andaddscompleity to thesystemjput it canincreasesitua-
tional awareness.

The rst two arebrie y describecdhere.

A. High Immesion: RemoteReality

Our rst interfaceis immersie, like in mary virtual real-
ity systembut becausét provide video accesgo a remote
locationwe referto it asRemoteReality. Thisinterfaceuses
abi-ocularHMD with aheadtraclker, see gure 5. Thehead
tracker providesorientationinformationthatis usedto de-
terminethe viewing directionfor the unwarpingmap. As
the HMD turns(or if the usersrequesta software“zoom”
thevirtual viewpointis stationary;only the directionof the
virtual “imaging array” is moved. We notethat useof an
HMD makesthis ideal for shipboardinterfaces,as HMDs
areviewableevendirectsunlight.

While this type of interfacecouldbe built with a sh-eye
or otherpanoramiémagegeneratiorprocesstherearetech-
nicaldif culties with doingso. In particularif theviewpoint
is not constani(or at leastconstrainedo bein avery small
volume),theresultis alurchingor bendingin theimagesas
the HMD changesrientation. Suchartifactssigni cantly
reducethe immersionand increaseoccurrence®f HMD-
inducedmotionsickness.

We note that some graphics/VR-orientegrofessionals
might be quick to dismissthe remotereality interface as
inadequatewhen they hear about the output resolution,
320x240@16bitolor. However, asaninformal pointonthe
“quality” of thisinterface we notethattheinitial systemhas
beendemonstratetb alarge numberof people( ),
e.g. see[10], [11] and[12], with very positive feedback
from mostof them. Even the “skeptics” who have tried it
admittedthey weresurprisedat the quality. While thereso-
lutionis farfrom thatof highendgraphicssystemsthenatu-
ralnesof objects, uidity of motionandthe compled/subtle
textures(evenatlow-resolution)of the video seemto make
up for the pixel loss.

B. Informative

For othersituationsit may not be acceptabldor the user
to be completelyimmersed,or the use of a head-trackd
HMD is unacceptableThuswe have beeninvestigatingdif-
ferenttypesof informative, but minimally invasie, inter
faces.Thedisplaymightbevia asmallunobtrusve monoc-



Fig. 4. Toprow shavs smallversionof the 1280x960 sheye image,with ablow up of asmallclip from thatimage(from about11 O'clock in theroom). The
bottomrow shaws the original paraimageanda similar clip taken from thatparaimageTheimagesweretaken with the samecamerarom approximately
the samelocation(thougha few peoplearevisible in the paraimage) Theimagesshavn herearedifferentsizesbecausét takesdifferentamountsof the
imagesoshaw similar content.Details,suchasgapsin thewindow blinds,arelostin the sh-eyeimagebut visiblein the para-imageTheceilingis visible
ontheright becausehe paraimagéasalarger FOV (360x105FOV) thanthe sheye image(360x90a.k.a.180x180).

ular HMD, see gure 5, or a computerscreenor even a
hand-heldlevice suchastheportableTV. Withoutthehead-
trackingwe musteitherprovide a meango choosea view-

ing direction,or somehav provide aninterfacethatprovides
informationin all directionsatonce.

Fig. 5. Left is an immersve interface: RemoteReality head-tracid
HMD andright is aninformative monoculardisplaywith (atrack-ball
pointer).

The “simplest” interface,is to view the paraimageon a

displaydevice. Thisapproacthasthreeprimaryadwantages:

1. Thereis needfor theuserto “point”, asthedisplayshavs
all directionsatonce.

2. Thereis noaddedcomputationatequirements.

3. The direction within the image is the actual direction
from the camerao the objectof interest.

The primary disadwantageis that the interpretationof the
imageis not asintuitive. As canbe seenin gure 3, the
lowerpartof theimageis relatively easyto understandfront
of vehicle or animal), but objectsbehindthe vehicle are
upsidedown. With a little training, however, it becomes
quite understandableThis is now the preferredinterface
by our groupfor teleoperatioroperationsn complex ervi-
ronments.If upside-davn viewing is a problem,hand-held
displacesanberotatedf neededor inexpensvevideo ip-
perscould be used. This interfacewasalsofoundto be the
bestin our building clearingexperiments.
Anotheroptionis to provide the userwith sometype of
pointing device, e.g. the belt-worn track-ballin gure 5, or
amouseon alaptopcomputerwherethe pointing device is
usedto chooseaviewing direction. Theadvantage®sf thisis
thatthey canmaximizethe displayedresolution,and,when
needed,can choosenew viewpoints. The disadwantageis
that choosinga view requiresa free handand someprac-



tice with the interface. This approachcan be effective for
teamoperationsvheresomeonas assigned taskto watch
aparticulardirection.

An obviousalternatveis to usea panoramicziew. Unfor-
tunatelytheaspectatio of thepanoramdrom ourimagess

,andis farfrom thatof mostdisplaytechnolo-

giesanddirectdisplaywould resultin very poorvisible res-
olution. Thereis alsothe questionof the type of panorama
to shaw (spherical,cylindrical, or somecustomversion).
To help with the resolutionissueswe display the scenein
a split view panorama.This approachhasa panoramé&or
the forward (with respectto vehicle)and one for the rear
view (with left-right reverseasin a rearview-mirror of a
car). Thesearethenstacled to provide full coveragein a
4x3 aspectratio display Note thatthis interfacerequires
very little training and no userinteraction,but placesthe
highestdemandsn the computingand /O subsystenfwe
warpthefull 640x480image)anddisplayresolution.

C. Systemsssues

The rst prototypeimmersie systemstrove to minimize
costwhile maintainingacceptableguality. Thusthe sys-
tem usesCOTS parts. Our currentdatacollection system
costapproximately$4K (+$1K for undervaterhousingland
thecomputing/HMDplay-backsystemcostabout$4K. The
systemusesa 233MhzK6 CPU (runningLinux) anda $300
videocapturecard. The systemcomputesiocular320x240
30 fps NTSCvideo. This resolutionis reasonablymatched
to low-endHMDs suchas Virtual I-O glassesthoughour
currentdisplayis usinga Sory Glasstrorandan Intersense
head-trackr. BetterHMD' s andheadtrackersarecommer
cially available, at costsrangingfrom $2K to $10K. We
have recently portedthe systemto run on a laptop, using
AVI/IMPEG les, andexpectto demoa versionof this sys-
temattheASTED meeting.

V. EXPERIMENTS

We have built threedifferentundervaterprototypes.The
rst two were for humanoperatorsand the nal was de-
signedfor operationby a dolphinor whale.

Thehumanoperatedcamerahave beenusedin mary set-
tingsincluding Hawaii, the FloridaKeys, CurcacandMon-
teray Bay, CA.2 One of the mostinterestingof thosedata
collectionswas a dive with 4 diversin Monteregy Bay, in
November1998. The dive wasin a kelp bed neara col-
lection of timid sea-lions.While we wereon the 50 minute
divethediversthoughonly 4 sea-lionsvereevernearusand
thenonly whenthey cameinto the middle of thegroup.The
omni-directionalcamerawas collecting video for most of
thedive, facingin variousdirectionsincludingfacingdown
about50%o0f thetime. In theafterdivereview in theupward
or forwardlookingvideowe saw 4 approachewe expected,
but alsofound 25 different” y-bys” of the sealions, such
astheonein a gure 6. It was,in fact,this obsenationthat
convincedus of the paracamera'potentialfor animaloper
ation.

No governmentfundswereusedfor ary of thedive trips; | did noteven
take themasatax deduction.

Fig. 6. A sealion onafast y-by of our dive group. The sealion was
visible in the videoonly for 2 secondsWe never saw it but the omni-
directionalvideo capturedt :-)

For the experimentswe worked with the researchersit
the SFAWARS marinemammalprogramin SanDiego, CA.
They provided a bite-plate for the animals, and we de-
signedthe camerasystemto mate with it. The camera
was a CanonElura with a customdesignedhousing(see

gure 2). The housingwas designedmore ruggedlythan
the humanoperatedsystem,but was still only 4kg when
loaded.The basicsystemwasnegatively buoyantand ota-

tion materialwasaddedto makeit slightly positive. Exam-
ple videos,andsomeof the logs of eventscanbe found at
www.eecs.lehigh.edu/"vast/DOVE

While anunsupervisetexploration”by theanimalis the
long termgoal,actualexperimentwasmorecontrolled. The
animalswereto take the cameraover to a secondboatand
collect video neara set of targets. The animalsthat took
partin the experimentwerea Bottle-nosedlolphins,named
Buster and a Belugawhale,namedMuk-Tuk. Theseani-
malshadtakenpartin mary studiesincludinga studyusing
auditory-controlgo aim/panatetheredsideocameraln the
two weeksbeforewe beganthe experimentsthe handlers
hadtrainedtheanimalsto carrythebite plateto atargetand
pointatit until they heardthe bridge (anauditorysignal).

The data collection was done in August 1999. Data
was collectedjust off the Marine Mammal docks at the
SFAWARS center The visibility in the local areawas ap-
proximately 1-2 meters. The lighting was broken cloud
coverwith afew periodsof sun. Thewatertemperaturevas
around andtheair was . Foggingof the camera
housingwasanissueandrequireda few breaksto cleanthe
housing/lenses.

After familiarizingtheanimalwith theequipmentlargely
to getthemusedto the noisesof the camerathe animalwas
takeninto anopenbayfor testing. Thehandlerin azodiac,
placedthe cameranto themouthof theanimalandsignaled
it to start. Theanimalwould thensubmegeandgo nd the
secondboat(which was5-15 metersaway) werea number
of undervatertargetscould be placed. The targetboatalso
includeda handlerthat could seedown to the targets,and
would signalbridgewhenthe taskwascomplete,at which
time theanimalwould swim backto the zodiacto returnthe



camera. After returningthe camera,and at various other
times throughoutthe experiments,the animalsreceved a
partof theanimalsnormaldaily allotmentof sh.

Datawascollectedwith boththe paracameranda wide
angleview. TheElura,in its widest eld-of-vie w, providesa
FOV of approximately90degrees Whennotusingthepara-
cameraattachmentthe unit wasshorterandlighter. Three
targetswereused:a 6inchstainlessteelspherea 9inchor-
angerubberspherewith white tapesurfacemarkings,anda
mock-mineshapewnhich wasapproximately38incheslong,
14 incheshighand12incheswide. Experimentsveredone
with eachtargetindividually andthenwith a collection of
all three. Whenin the collection, therewas a spacingof
approximatelyl meterbetweentargets. Therewere be-
tweentwo and8 separateunsfor eachtargetgroupfor each
sensor The analysisis brokeninto approachingyiewing,
andreturningstages.n whatfollows we usepercentagef
“appropriateime” duringtheruni.e. fractionsof timewhen
we shouldhave beerableto seethetargets. Thesearesome-
whatsubjectve measurementsinceit alittle dif cult totell
when the animal was approaching scanningor returning.
Theanimals'tendeng, possiblya resultof their prior train-
ing, wasto getthecameravery closeto thetarget. Although
they weretrainedto neverto hit thetargetwith the camera,
they did 10% of thetime with the omni-directionalsystem,
and30%of thetime with theregularcamera.

We rst begin the discussionwith isolatedtarget exper
imentsin which the animalsalways collectedvideo of the
target. Thisis followedup with the collectionexperiments.

A. Isolatedtargets

For the omni-directionalvideo, the full tarmget, including
thewholemocktarget,wasseen of theviewing time®.
We considerthe target not visible if greaterthan30% of it
is occludedor out of the eld of view. For thesingletarget
omni-directionalexperimentghetargetwasvisible approx-
imately 93% of thetime. Mounting the cameraat a higher
anglewould have preventedthis, but it wasmountedat this
angleto maximizethetheview for aforwardswimmingani-
mal. To my surprisejn mostof theexperimentgheanimals
stopandchangetheir positionin the waterandadjusttheir
positionto pointdirectly at the cameraagainpossiblya re-
sult of their earliertraining of which | was unavarewhen
| designedhe camera).Thetargetswerealwaysvisible on
approachusuallyat 2 metersfor the mock tamgetand 1 to
1.5metersfor the sphericatargets. Unfortunatelythe sin-
gle target traditional video was lost in a cameradrowning
accident.

B. Collectiontargets

The more interesting experimentssimultaneouslypre-
sentedwith two or threepotentialtargets. For the threetar
get collection the targetswere orderedsmallestto largest
(67, 9", mock).

In all runs, the Paracameraapturedvideo on all three
targetsbothduringapproactandduringviewing. However,
whenthefocusof attentionwasto theright of themocktar

Exceptfor its self-occlusionspf course

get,the 6” target (about?2 metersaway) waspoorly imaged
to the point thatidenti cation of the item would have been
dif cult. Blockageof partof oneof the targetsby thefold-
ing mirror wasstill presentut the systemmaintainedyood
visibility of thetime. All thetargetswereunoccluded
for atleastsomepartof the viewing.

For thetraditionalcamerawe hadtwo of four runswhere
only two of the threetamgetswere seenduring approactor
viewing, i.e. evena countof the targetswould have been
wrong. Overall theregood visibility of the collectiononly
11%of thetime. In generaduringtheviewing only onetar-
getwasvisible (usuallythe small metalsphere)argely be-
causeaheanimalwould focusononly oneof thetargets.Be-
causeof thelimited FOV, the othertargetswereonly brie y
seenasthe animaltoward the target area. On the positive
side,thelargersizeof the singlevisible targetmadeit much
clearerin thevideo.

VI. CONCLUSION AND FUTURE WORK

The experimentswith animalcontrolledcamerasclearly
shav the need for an extreamly wide FOV. The omni-
directional systemmaintainedgood viewing of all targets
around90% of availible time, while the tradationalwide-
eld lensonly saw all targetslessthan 15% of the avaible
time. However, giventhe level of training of the animals,
it is likely for isolatedtargetsthata FOV sh-eyelens
would provide betterimaging;theanimalsweresurprisingly
good at panningthe cameraover an objectand eventually
gettingtheisolatedtargetin the centerof the FOV. If, how-
ever, targetsarenotisolated notwell localized,or large, the
extrawide eld of view, andthe extra resolutionwhenthe
targetis farthestfrom the cameragive anedgeto the omni-
directionalsystem.

While not directly testedon ROV, theresultssuggesthat
the choiceof imaging systemwould be largely driven by
whereonewantsthe resolutionandthe number/distrilition
of targets. If thereis a naturaldirectionof interestandthe
cameracanbe assuredf pointingin thatdirection,thena
sh-eye camera,which packsits highestresolutionin the
centerof the eld-of-view, shouldbe used. If however we
areexploring with anautonomoudsOV or have ateleoper
atedROV andwant/needo watchall directions,the Para-
cameradesignhasthe advantage.The Paracameralesigns
areusuallymountedwith the opticalaxisvertically aligned,
thusthey watchthe horizontalwith greataccurag andhave
limited resolution directly above (or below) the vehicle.
With paracameraabove andbelow (or on the left/right) of
thevehicle,thefull sphericaFOV canbecaptured.

Futurework mayincludeexploring theuseof thistype of
video collectionfor a more exploratory projectswherethe
animalis not swimmingto a target, but rather swimming
over an area,e.g. an areawhere unexplodedordinances
might be scatteredn the bottom. We arealsoseekingpart-
nersto testit with anoperationaROV.
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