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Abstract
Visual exploration and reconnaissanceunderwater,

whetherby humansor unmannedvehicle, presentsmany
challenges. One of thesechallengesis the limited visibil-
ity distancein much of the worlds oceans.Whenvisibility
is limited there are signi�cant advantages,as natural evo-
lution hasshown,to a verywide �eld of view. While tradi-
tional “F ish-eye” lenseshavebeenaroundfor years, they
distort the image in a way that is very dif�cult to convert
back into a perspectivelycorrect image. This paper ex-
aminesthe useof recentdesignsin omni-directionalcam-
eras and their usefor underwaterexploration. Not only is
the wide-�eld of view important in low-visibility, but with
a more thanhemispherical�eld of view, it also resultsin a
systemwhich placesminimal“aiming” requirementsfor the
camera operator.

Marine mammals,in particular dolphins and whales,
havea natural ability to navigateandlocatetargetsevenin
near-zero visibility conditionsandhavingtheir helpwith ex-
plorationor reconnaissancehasmanypotentialadvantages.
This paperdiscussesan omni-directionalcamera designed
to be carried by marinemammals.Thesystemwastested
with botha dolphinanda Belugawhale. Thispaperbrie�y
discussesbothsystemissuesfor collectionandinterfacesfor
humanviewingof theresultingomni-directionalvideo.

I . INTRODUCTION

Underwateris a very challengingenvironmentfor video
systems.In mostof theworld'snear-shorewaterways,vis-
ibility is limited to under8-10 meterson a good day and
often only 1-3 meters. In addition, the true 3D natureof
anunderwaterworld addsanadditionalchallenge—itis not
clearin whichdirectiononeshouldlook.

For remotevehicleoperationtherearemany choicesfor
imaging systemsincluding remotepan and tilt units. For
this project,however, the imagingsystemwas intendedto
becarriedby amarinemammal.Theunderlyinggoalwasto
takeadvantageof thenaturalecholocationabilitiesof these
animalsto navigate to targetsof interestin murky waters,
andthenbring backvideofor analysisby humanoperators.
This would have value in searchand rescue,salvageand
intelligenceoperations.Thereis aninherentaddeddif�culty
— the animaloperatordoesnot necessarilyknow what is
of interestto thehumanhandlersto whomthey will return
the camera. Other video systemshave beendesignedfor
dolphinsto carry, but they have limited viewsandmobility.
For this environmentit is naturalto seeka very wide-�eld-
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of-view sensor, ideally anomni-directionalvideosensor. In
thiswayif theanimalgetscloseto thetarget,videoof it will
becollected.Oursystemis shown in �gure 1.

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

Previouswork haseitheracceptedwhatevervideothean-
imalshave collected,or have usedtheanimalin a coopera-
tivemode.In thelatter, thedolphinsweretrainedto respond
to auditorysignalsandcouldbothaim andpanthecamera
underguidancefrom a remotehandlerwho waswatchinga
live feed[1]. This did take advantageof theanimal's ability
to locatetargets,but placedsigni�cant limits onhow far/fast
theanimalscouldgo.

While our primarygoalshereinarerelatedto animaging
systemto be carriedby a marinemammal,muchof it ap-
plies equally well to underwater remoteoperatedvehicles
(ROVs), especiallyif theROV is autonomous.

In sectionII wepresentanoverview of theParacamerade-
signandits advantagesfor underwateruse.In sectionIII we
examinetheresolutionissuesfor thecameraandcompareit
to a traditional cameraand a �sh-eye lens. In sectionIV
we discussdisplayissuesanddifferentwaysof viewing the
data. In sectionV we show variousimagestaken with un-
derwatercamerasanddiscussour testingandoverall expe-
riences.We endwith a discussionof futurework.

I I . PARACAMERA DESIGNS

The ability to generateomni-directionalvideo hasbeen
aroundfor years,e.g.see[2], [3], [4], but it hasseenlimited
usage.Whathaschangedrecently, andis driving a growing
interest,is thecombinationof simultaneousdecreasedsize
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Fig. 2. Componentsof the marinemammalcarriedParacamera.Note basicdesignis straightimagingof a mirror. The folding doesnot changethe basic
imagingsystem,it just folds theopticalpathmakingit morecompact.

and increasedquality in collection systems,coupledwith
low-costmeansof presenting/processingthisdatato provide
undistortedperspective images.

Our omni-directionalwork is basedon the basic“Para-
camera”which is an omni-directionalcameradesignedby
ShreeNayar[5].1 Thiscameradirectlycapturesafull hemi-
sphere(or more) while maintaining a single perspective
viewpoint allowing it to beusedfor full motionvideo. Fur-
thermore,placingtwo of theseParacamerasystemsback-to-
backallows a trueviewing sphere,i.e. 360x 360viewing.
Unlike�sh-eyelenses,eachimagein theParacamerasystem
canbeprocessedto generategeometricallycorrectperspec-
tive imagesin any directionwithin theviewing hemisphere.

As shown in �gure 2, our customvariationsof thePara-
cameraomni-directionalimager combinesa orthographic
lens anda parabolicmirror. To make it easierto operate,
asmall�at “folding mirror” is addedto fold theopticalpath
suchthat it is parallel to the axis of the parabolicmirror
while keepingtheactualcameraoutof themirror's �eld-of-
view.

Theorthographiclensresultsin theraysenteringthecam-
erabeingparallel. Raysparallel to the optical axis re�ect
off a parabolicsurfaceat an anglesuchthat they virtually
intersectat the focusof the parabolicsurface;the focusof
theparabolicsurfacesprovidesasingle“virtual” viewpoint.
This is similar in spirit to the useof parabolicsurfacesin
satellitedishes,but dishesusethe“inside” of theparabolic
surfaceto collecttheenergyfrom parallelraysfrom adistant
radiosource.

We notethat theuseof an orthographiclens,just before
thecamera,alsohasanaddedbene�t for underwaterwork.
Becausethe raysenteringthe cameraareparallel, the sys-
temusesa �at glassportalbetweentheglassandthewater,
while the imagingmirror is in thewater. Becausethe rays
of interestareparallelthereis not anissueof refractionand
chromaticaberrationaswe crosstheair/glass/waterbound-
aries.Thecurvedmirror is madeof polishedstainlesssteel,

�

RemoteRealityInc (formally Cyclovision Inc) hasexclusive rights to
this patenteddesign.

andsinceit is operatingvia re�ection ratherthanrefraction,
theaberrationsaresmall.

Not only doesthe�at glassportalreduceissuesof refrac-
tion artifacts,it is alsosigni�cantly cheaperto build, espe-
cially for deepwateroperation.If onewantedto addaportal
to a very deepsubmersiblevehicle,this would beidealasa
small (1-2”) �at glassportal is all that is neededto provide
a morethanhemi-sphericalFOV.

Fig. 3. ExampleParaimagefrom anunderwaterscene.Thediversareall
aroundthedivemaster, whois playingaroundby puttinganoctopuson
his face.

Theimagescapturedby theParacamerahaveadoughnut-
like shape,e.g. �gure 3 shows an underwatersceneneara
cave containinga shark. While it may look distorted,the
underlyingimagehasa singlevirtual viewpoint. This sin-
gle virtual viewpoint is critical for our RemoteRealitysoft-
ware,as it permitsa consistentinterpretationof the world
with a very smoothtransitionastheuserchangestheview-
ing direction. While thereareothersystemswith large or
evenhemispheric�elds of view, asshow in [6], �sh-eyelens
and hemisphericalmirrors do not satisfy the single view-
pointconstraint. Thesingleviewpointalsomakesit simpler



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

I I I . RESOLUTION

Becauseomni-directionalimaging compressesa hemi-
sphereFOV into a small image,maintainingresolutionand
capturedimagequality is quite important,andtakescareful
design.While theprocessscalesto any sizeimager, thecur-
rentsystemsuseNTSC(640x480)or PAL (756x568)cam-
eras. For a standard640x480camerawe cancomputethe
horizontal(vertical)resolutionastheratio of thenumberof
pixels to the horizontal(vertical) FOV in degrees.For ex-
ampleanNTSCcamerawith a wide anglelensproducinga
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andaverticalresolutionof �����
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ppd. For a widerFOV
lens,say150degrees,weget4.2ppd.

Becausethe paracameraimagesthe world in a circular-
like pattern,computingits resolutionis moredif�cult than
for a standardcamera. For horizontalresolution,we con-
siderthedirectiontangentto themirrors edge,(i.e. circles
centeredon the mirror), andfor vertical resolutionwe use
the normaldirection. If we set the systemso that the im-
ageof themirror �lls the imageof theCCD we capturean
approximately�
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FOV.2 The horizontalresolu-
tion alongthe edgeof the mirror (i.e. edgeof the ROI) is
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ppd. At the mirror's edgethe vertical
resolutionis, asin thestandardcameracase,thesameasthe
horizontal.If we zoomin to �ll thehorizontalaspectof the
camera(which limits theFOV to

%��&
��'�(� ��
��

), we increase
resolutionto 5.6ppd.

Fromthis we canseethatnearthemirror's edgea para-
camerawith a

%��)
��*�+� ��
��

FOV hassimilar resolutionto
a regular camerawith a
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FOV. Sinceboth are
using the samecamera,theremust be a loss in resolution
somewhereelse. While it may seemcounterintuitive, the
spatialresolutionof theomni-directionalimagesis greatest
alongthe horizon,just whereobjectsaremostdistant. As
onetargetsmovecloserto thecenterof themirror theover-
all resolutiondropsby a factorof 4.

At this point we note the only way to get closeto the
paracamera'sFOV without a catadioptricsystem,would be
to usea “�sh-eye” lens. Thesecamerasalso have a non-
uniform packingof pixelsinto theimagearray. However, a
�sh-eye's resolutionis worst alongthe edgesof the image
(andbestin thecenter). For comparison�gure 4 shows a
smallareaof a raw takenwith a Nikon 360x90FOV (a.k.a.
180x180FOV), one using a Nikon �sh-eye lens and the
otherwith a 360x105FOV Parashotcameras.Even though
the Parashothasa larger �eld-of-view, therearemany de-
tailsclearlyvisible in thepara-imagethatarelost in the�sh-
eye image.

-

Unfortunately, terminologyfor describinglarge�elds of view is not al-
ways consistent. We are using the notationthat FOV is measuredwith
2 angles. We would saya hemisphericalFOV is .0/01 243*50162 anda full
sphericalview would be .0/01

2
387�901

2 . Onecould alsorefer to a hemi-
sphereFOV as 7�901�2�3:7�90162 , however this format is dif�cult to usefor
�elds of view greaterthana hemisphere.It is alsocommonfor theangles
to be useso that overlap,e.g. a hemispherical�eld of view describedas

.0/01'3;7�901 andasphereicalview as .0/01'3�.0/01 .

IV. USER INTERFACES FOR OMNI-DIRECTIONAL VIDEO

Giventhemorethanhemispherical�eld of view, thereis
thequestionof how to presentthisdatato theuser. We have
developeda few differentinterfaces,andin [8] we discuss
experimentsto measuretheeffectivenessof thedifferentin-
terfacesfor thetaskof building interiorreconnaissance.The
interfacesarediscussedin [9], andcanbebrokendown into
threegroups:

< highly immersive: giving theusertheimpressionthey are
at theremotelocation;hence,we call it RemoteReality.

< informative: giving the useraccessto remote“informa-
tion” in any or all directions,while still maintainingthe
user's local situationalawareness.

< augmentive: enhancingeitherof theabove interfacewith
overlayedcontextual information. This reducesimmersion
andaddscomplexity to thesystem,but it canincreasesitua-
tionalawareness.
The�rst two arebrie�y describedhere.

A. High Immersion: RemoteReality
Our �rst interfaceis immersive, like in many virtual real-

ity system,but becauseit provide videoaccessto a remote
locationwereferto it asRemoteReality. This interfaceuses
abi-ocularHMD with aheadtracker, see�gure 5. Thehead
tracker providesorientationinformationthat is usedto de-
terminethe viewing direction for the unwarpingmap. As
theHMD turns(or if theusersrequesta software“zoom”)
thevirtual viewpoint is stationary;only thedirectionof the
virtual “imaging array” is moved. We note that useof an
HMD makesthis ideal for shipboardinterfaces,asHMDs
areviewableevendirectsunlight.

While this typeof interfacecouldbebuilt with a �sh-eye
or otherpanoramicimagegenerationprocess,therearetech-
nicaldif�culties with doingso.In particularif theviewpoint
is not constant(or at leastconstrainedto be in a very small
volume),theresultis a lurchingor bendingin theimagesas
the HMD changesorientation. Suchartifactssigni�cantly
reducethe immersionand increaseoccurrencesof HMD-
inducedmotionsickness.

We note that somegraphics/VR-orientedprofessionals
might be quick to dismissthe remotereality interfaceas
inadequatewhen they hear about the output resolution,
320x240@16bitcolor. However, asaninformalpointonthe
“quality” of this interface,wenotethattheinitial systemhas
beendemonstratedto a largenumberof people( =)>�?&@

� �����

),
e.g. see[10], [11] and [12], with very positive feedback
from mostof them. Even the “skeptics” who have tried it
admittedthey weresurprisedat thequality. While thereso-
lution is farfrom thatof highendgraphicssystems,thenatu-
ralnessof objects,�uidity of motionandthecomplex/subtle
textures(evenat low-resolution)of thevideoseemto make
up for thepixel loss.

B. Informative
For othersituationsit maynot beacceptablefor theuser

to be completelyimmersed,or the useof a head-tracked
HMD is unacceptable.Thuswehavebeeninvestigatingdif-
ferent typesof informative, but minimally invasive, inter-
faces.Thedisplaymightbevia asmallunobtrusivemonoc-



Fig. 4. Toprow shows smallversionof the1280x960�sheye image,with ablow upof asmallclip from thatimage(from about11O'clock in theroom).The
bottomrow shows theoriginal paraimageanda similar clip takenfrom thatparaimage.Theimagesweretakenwith thesamecamerafrom approximately
thesamelocation(thougha few peoplearevisible in theparaimage).Theimagesshown herearedifferentsizesbecauseit takesdifferentamountsof the
imagesoshow similarcontent.Details,suchasgapsin thewindow blinds,arelost in the�sh-eye imagebut visible in thepara-image.Theceiling is visible
on theright becausetheparaimagehasa largerFOV (360x105FOV) thanthe�sheye image(360x90a.k.a.180x180).

ular HMD, see�gure 5, or a computerscreenor even a
hand-helddevicesuchastheportableTV. Without thehead-
trackingwe musteitherprovide a meansto choosea view-
ing direction,or somehow provideaninterfacethatprovides
informationin all directionsat once.

Fig. 5. Left is an immersive interface: RemoteReality head-tracked
HMD andright is aninformative monoculardisplaywith (a track-ball
pointer).

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

displaydevice. Thisapproachhasthreeprimaryadvantages:
1. Thereis needfor theuserto “point”, asthedisplayshows
all directionsat once.
2. Thereis noaddedcomputationalrequirements.
3. The direction within the image is the actual direction
from thecamerato theobjectof interest.
The primary disadvantageis that the interpretationof the
imageis not as intuitive. As can be seenin �gure 3, the
lowerpartof theimageis relativelyeasyto understand(front
of vehicle or animal), but objectsbehind the vehicle are
upsidedown. With a little training, however, it becomes
quite understandable.This is now the preferredinterface
by our groupfor teleoperationoperationsin complex envi-
ronments.If upside-down viewing is a problem,hand-held
displacescanberotatedif needed,or inexpensivevideo�ip-
perscouldbeused.This interfacewasalsofoundto bethe
bestin our building clearingexperiments.

Anotheroption is to provide the userwith sometype of
pointingdevice,e.g. thebelt-worn track-ballin �gure 5, or
a mouseon a laptopcomputer, wherethepointingdevice is
usedto chooseaviewingdirection.Theadvantagesof thisis
that they canmaximizethedisplayedresolution,and,when
needed,can choosenew viewpoints. The disadvantageis
that choosinga view requiresa free handandsomeprac-



tice with the interface. This approachcanbe effective for
teamoperationswheresomeoneis assigneda taskto watch
a particulardirection.

An obviousalternativeis to useapanoramicview. Unfor-
tunatelytheaspectratioof thepanoramafrom our imagesis
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, andis farfrom thatof mostdisplaytechnolo-
giesanddirectdisplaywould resultin verypoorvisible res-
olution. Thereis alsothequestionof thetypeof panorama
to show (spherical,cylindrical, or somecustomversion).
To help with the resolutionissueswe displaythe scenein
a split view panorama.This approachhasa panoramafor
the forward (with respectto vehicle)andonefor the rear-
view (with left-right reverseas in a rear-view-mirror of a
car). Theseare thenstacked to provide full coveragein a
4x3 aspectratio display. Note that this interfacerequires
very little training and no user interaction,but placesthe
highestdemandson thecomputingandI/O subsystem(we
warpthefull 640x480image)anddisplayresolution.

C. Systemsissues

The�rst prototypeimmersive systemstrove to minimize
cost while maintainingacceptablequality. Thus the sys-
tem usesCOTS parts. Our currentdatacollection system
costapproximately$4K (+$1Kfor underwaterhousing)and
thecomputing/HMDplay-backsystemcostabout$4K. The
systemusesa233MhzK6 CPU(runningLinux) anda$300
videocapturecard.Thesystemcomputesbiocular320x240
30 fps NTSCvideo. This resolutionis reasonablymatched
to low-endHMDs suchasVirtual I-O glasses,thoughour
currentdisplayis usinga Sony GlasstronandanIntersense
head-tracker. BetterHMD' s andheadtrackersarecommer-
cially available, at costsranging from $2K to $10K. We
have recentlyportedthe systemto run on a laptop, using
AVI/MPEG �les, andexpectto demoa versionof this sys-
temat theIASTED meeting.

V. EXPERIMENTS

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

Thehumanoperatedcamerashavebeenusedin many set-
tingsincludingHawaii, theFloridaKeys,CurcaoandMon-
terayBay, CA.3 Oneof the most interestingof thosedata
collectionswas a dive with 4 divers in Monterey Bay, in
November1998. The dive was in a kelp bed neara col-
lectionof timid sea-lions.While we wereon the50 minute
divethediversthoughonly 4 sea-lionswereevernearusand
thenonly whenthey cameinto themiddleof thegroup.The
omni-directionalcamerawas collecting video for most of
thedive, facingin variousdirectionsincludingfacingdown
about50%of thetime. In theafterdivereview in theupward
or forwardlookingvideowesaw 4 approachesweexpected,
but alsofound 25 different“�y-bys” of the sealions, such
astheonein a �gure 6. It was,in fact,this observationthat
convincedusof theparacamera'spotentialfor animaloper-
ation.
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No governmentfundswereusedfor any of thedive trips; I did not even
take themasa tax deduction.

Fig. 6. A sealion on a fast �y-by of our dive group. The sealion was
visible in thevideoonly for 2 seconds.We never saw it but theomni-
directionalvideocapturedit :-)

For the experimentswe worked with the researchersat
theSPAWARS 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.Thebasicsystemwasnegatively buoyantand�ota-
tion materialwasaddedto make it slightly positive. Exam-
ple videos,andsomeof the logs of eventscanbe found at
www.eecs.lehigh.edu/˜vast/DOVE .

While anunsupervised“exploration”by theanimalis the
long termgoal,actualexperimentwasmorecontrolled.The
animalswereto take thecameraover to a secondboatand
collect video neara set of targets. The animalsthat took
partin theexperimentwereaBottle-noseddolphins,named
Buster, anda Belugawhale,namedMuk-Tuk. Theseani-
malshadtakenpartin many studiesincludinga studyusing
auditory-controlsto aim/panatetheredvideocamera.In the
two weeksbeforewe beganthe experiments,the handlers
hadtrainedtheanimalsto carrythebiteplateto a targetand
point at it until they heardthebridge(anauditorysignal).

The data collection was done in August 1999. Data
was collected just off the Marine Mammal docks at the
SPAWARS center. The visibility in the local areawasap-
proximately 1-2 meters. The lighting was broken cloud
coverwith a few periodsof sun.Thewatertemperaturewas
around
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andtheair was
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. Foggingof thecamera
housingwasanissueandrequireda few breaksto cleanthe
housing/lenses.

After familiarizingtheanimalwith theequipment,largely
to getthemusedto thenoisesof thecamera,theanimalwas
takeninto anopenbayfor testing.Thehandler, in a zodiac,
placedthecamerainto themouthof theanimalandsignaled
it to start.Theanimalwould thensubmergeandgo �nd the
secondboat(which was5-15metersaway) werea number
of underwatertargetscouldbeplaced.The targetboatalso
includeda handlerthat could seedown to the targets,and
would signalbridgewhenthe taskwascomplete,at which
time theanimalwouldswimbackto thezodiacto returnthe



camera. After returningthe camera,and at variousother
times throughoutthe experiments,the animalsreceived a
partof theanimalsnormaldaily allotmentof �sh.

Datawascollectedwith both theparacameraanda wide
angleview. TheElura,in its widest�eld-of-view, providesa
FOV of approximately90degrees.Whennotusingthepara-
cameraattachment,theunit wasshorterandlighter. Three
targetswereused:a 6inchstainlesssteelsphere,a 9inchor-
angerubberspherewith white tapesurfacemarkings,anda
mock-mineshapewhichwasapproximately38 incheslong,
14 incheshigh and12 incheswide. Experimentsweredone
with eachtarget individually andthenwith a collectionof
all three. When in the collection, therewas a spacingof
approximately1 meterbetweentargets. Therewere be-
tweentwo and8 separaterunsfor eachtargetgroupfor each
sensor. The analysisis broken into approaching,viewing,
andreturningstages.In what follows we usepercentageof
“appropriatetime” duringtheruni.e. fractionsof timewhen
weshouldhavebeenableto seethetargets.Thesearesome-
whatsubjectivemeasurementssinceit a little dif�cult to tell
when the animal was approaching,scanningor returning.
Theanimals'tendency, possiblya resultof their prior train-
ing, wasto getthecameraverycloseto thetarget.Although
they weretrainedto never to hit thetargetwith thecamera,
they did 10%of thetime with theomni-directionalsystem,
and30%of thetimewith theregularcamera.

We �rst begin the discussionwith isolatedtarget exper-
imentsin which the animalsalwayscollectedvideo of the
target.This is followedupwith thecollectionexperiments.

A. Isolatedtargets

For the omni-directionalvideo, the full target, including
thewholemocktarget,wasseen
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of theviewing time4.
We considerthe targetnot visible if greaterthan30% of it
is occludedor out of the�eld of view. For thesingletarget
omni-directionalexperimentsthetargetwasvisibleapprox-
imately93%of the time. Mounting thecameraat a higher
anglewould have preventedthis, but it wasmountedat this
angleto maximizethetheview for aforwardswimmingani-
mal. To my surprise,in mostof theexperimentstheanimals
stopandchangetheir positionin thewaterandadjusttheir
positionto pointdirectly at thecamera(againpossiblya re-
sult of their earlier training of which I wasunawarewhen
I designedthecamera).Thetargetswerealwaysvisible on
approach,usuallyat 2 metersfor the mock targetand1 to
1.5metersfor thesphericaltargets. Unfortunatelythesin-
gle target traditionalvideo was lost in a cameradrowning
accident.

B. Collectiontargets

The more interestingexperimentssimultaneouslypre-
sentedwith two or threepotentialtargets.For thethreetar-
get collection the targetswere orderedsmallestto largest
(6”, 9” , mock).

In all runs, the Paracameracapturedvideo on all three
targetsbothduringapproachandduringviewing. However,
whenthefocusof attentionwasto theright of themocktar-
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Exceptfor its self-occlusions,of course

get,the6” target(about2 metersaway) waspoorly imaged
to thepoint that identi�cation of the item would have been
dif�cult. Blockageof partof oneof thetargetsby thefold-
ing mirror wasstill presentbut thesystemmaintainedgood
visibility �

�
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of thetime. All thetargetswereunoccluded
for at leastsomepartof theviewing.

For thetraditionalcamera,wehadtwo of four runswhere
only two of the threetargetswereseenduring approachor
viewing, i.e. even a countof the targetswould have been
wrong. Overall theregoodvisibility of the collectiononly
11%of thetime. In generalduringtheviewing only onetar-
getwasvisible (usuallythesmallmetalsphere)largely be-
causetheanimalwouldfocusononly oneof thetargets.Be-
causeof thelimited FOV, theothertargetswereonly brie�y
seenasthe animal toward the target area. On the positive
side,thelargersizeof thesinglevisible targetmadeit much
clearerin thevideo.

VI . CONCLUSION AND FUTURE WORK

The experimentswith animalcontrolledcamerasclearly
show the need for an extreamly wide FOV. The omni-
directionalsystemmaintainedgood viewing of all targets
around90% of availible time, while the tradationalwide-
�eld lensonly saw all targetslessthan15% of the avaible
time. However, given the level of training of the animals,
it is likely for isolatedtargetsthata
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FOV �sh-eye lens
wouldprovidebetterimaging;theanimalsweresurprisingly
goodat panningthe cameraover an objectandeventually
gettingtheisolatedtargetin thecenterof theFOV. If, how-
ever, targetsarenot isolated,notwell localized,or large,the
extra wide �eld of view, andtheextra resolutionwhenthe
targetis farthestfrom thecamera,giveanedgeto theomni-
directionalsystem.

While not directly testedonROV, theresultssuggestthat
the choiceof imaging systemwould be largely driven by
whereonewantstheresolutionandthenumber/distribution
of targets. If thereis a naturaldirectionof interestandthe
cameracanbe assuredof pointing in that direction,thena
�sh-eye camera,which packsits highestresolutionin the
centerof the �eld-of-view, shouldbe used. If however we
areexploring with anautonomousROV or have a teleoper-
atedROV andwant/needto watchall directions,the Para-
cameradesignhasthe advantage.The Paracameradesigns
areusuallymountedwith theopticalaxisverticallyaligned,
thusthey watchthehorizontalwith greataccuracy andhave
limited resolution directly above (or below) the vehicle.
With paracamerasabove andbelow (or on the left/right) of
thevehicle,thefull sphericalFOV canbecaptured.

Futurework mayincludeexploring theuseof this typeof
video collectionfor a moreexploratoryprojectswherethe
animal is not swimming to a target, but ratherswimming
over an area,e.g. an areawhereunexplodedordinances
might bescatteredon thebottom.We arealsoseekingpart-
nersto testit with anoperationalROV.
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