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ABSTRACT

Detectionand localizationof underwater minesremainsa chal-
lenging and importantproblemfor safeoperationof naval plat-
forms. A numberof new technologiesexploit airborneLIDARs,
whichcanpenetratetheair-waterinterfaceandopticallydetectand
localizeunderwatermines.Suchsystemsprocessthereceivedop-
tical field generatedby scatteringwithin the water column, and
have proven to beaneffective technologyfor minedetectionand
localization. In this work, we considerthe useof multiple looks
ata singletargetto form a three-dimensionalrepresentationof the
scattererswithin thewatercolumn. To form suchimages,we ac-
countfor theintegrationwithin thereceive sensors,andformulate
theproblemin a tomographicframework. Wewill presentprelim-
inary imageformationresultsgeneratedfrom datacollectedat sea
with astate-of-the-artNavy mineimagingsystem.

1. INTRODUCTION

AirborneLIDAR (light detectionandranging)systemsareeffec-
tive at detectingandlocalizing underwaterobjectssuchasmines
andsubmarines.This is typically doneby capturingpartsof the
reflectedopticalfield with sensorssuchasCCDs(chargecoupled
devices)andPMTs (photomultipliertubes). The CCDsgenerate
imagesof thescatterersin theilluminatedwatercolumn,while the
PMT returnsprovide informationaboutthescenein therangedi-
rection.TheimagesandPMT returnsareanalyzedandprocessed
to accuratelydeterminewhichobjectsarelikely mines,andwhere
they are located. In this paper, we work with a dataset from a
previous study(1998Competitive EvaluationField Test(CEFT))
collectedby a systemdesignedfor the detectionandlocalization
problem. We extend this applicationto a threedimensionalto-
mographicreconstructionproblem.Our datasetconsistsof CCD
imagesandPMT returnsfrom scenescontainingthesamemineat
differenttimesandangularorientations;thus,eachgivesdifferent
informationaboutthesizeandshapeof theobject.We show that,
by treating theseCCD imagesand PMT returnsas projections,
3D reconstructionsof theminecanbeobtainedwhosequality de-
pendsmostlyon theangulardiversityof theprojections.First,we
discussthenatureof thecollectedCEFTdata.Second,we present
a tomographicframework, anddiscusshow theCCD imagesand
PMT returnscanbetreatedwithin this framework. Third, we dis-
cussour algorithmfor the reconstructionof 3D objectsfrom this
data.Finally, we presentour preliminaryresults,includingrecon-
structionsfrom both the real dataandtheoreticalprojectionsof a
sphericalobject.

Thiswork wassupportedby theOffice of Naval Researchundergrant
N61331-00-1-G001.

2. CEFT DATA

The collectedCEFT dataconsistsof CCD imagesand time re-
solved PMT returnsfrom an airborneLIDAR systemflying ap-
proximately360metersabove theoceansurface.TheLIDAR sys-
temuseda 100mJpulsedlaserat a wavelengthof 532nm, firing
several pulsesper second,with eachpulseof duration6 ns. The
two typesof sensors,CCDandPMT, eachcollecteddatafrom ev-
erypulseasit wasscatteredbackto theopticsfrom objectswithin
the watercolumn. For eachpulse,a ��������� pixel CCD image
andfive PMT returnssampledat 6 nswerecollected.EachPMT
channelservedadifferentfunction;onewasusedto detectthesur-
faceof the water, while eachof the otherfour wasfocusedon a
differentquadrantof the laserspoton the watersurface; that is,
eachquadrantin the resultingCCD imagehasits own respective
photomultiplier tube measuringphotonsfrom roughly the same
particularvolumeof water. If a mineis seenin a particularquad-
rant of the CCD image,we expect to seeevidenceof the mine
in thePMT focusedon thatsamequadrant,andvice versa.Each
PMT is able to collect photonsfrom a large fraction of the illu-
minatedwatervolume,andcanthereforebe sampledsufficiently
fastto obtainpreciserangeinformation.However, sincethePMT
is optically boresightedto a wide areaof the illuminated water
column, little spatialinformation is collectedbeyond the simple	 � 	 PMT pixel array. On theotherhand,theCCD imageis col-
lectedby gatingthe returnarounda particularrangeof depthsin
the watercolumn. This gatemustbe large (deep)enoughto en-
surethata target returnfrom a reflectedminewill be completely
captured(integrated). However, if it is too large, the signalwill
beoverwhelmedby thebackgroundscatterersin themedium.The
particularminewhich wasreconstructedhasa truediameterof 1
m, andappearson theCCD with a width of approximately6 to 7
pixels.

3. TOMOGRAPHIC FRAMEWORK

Givena 3D objectthatexhibitsa property
 definedin threespace
by 
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Thus,the formerprojectionmapsthe function 
���
�����
�����
���� onto
a onedimensionalfunction � � ��
 � � by integratingacrossplanes,



while the latter projectionmaps
���
 � ��
 � ��
 � � onto a two dimen-
sionalfunction ������
�����
���� throughline integrals.

TheProjection-SliceTheorem[1, 2] demonstratesthefollow-
ing relationshipsbetweentheFourier transform *+��, � ��, � ��, � � of
���
�����
��"��
���� andtheFouriertransformsof its projections:
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For the generalcaseof an othonormallytransformedcoordinate
systemHI�KJ L5�&L"�ML���N�O of PQ�RJ 
��&
��&
���N�O , where HI�TSUP andV

= SXW , we have
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Thus,theFouriertransformof alinear/planarprojectionrepresents
a linear trace/sliceof the Fourier transformof the object itself.
Given a completesetof projections,the entireFourier spacecan
beknown. This is animportantresultthatformsthebasisfor many
image-reconstructionproblems,for it shows thatanimagecanbe
reconstructedfrom its projectionsthroughthe useof the inverse
Fouriertransform.

4. HOW THE DATA FITS INTO THE TOMOGRAPHIC
FRAMEWORK

TheProjection-SliceTheoremenablesreconstructionsof anobject
to beobtainedfrom a completesetof projections.However, in a
practicalapplication,a completesetis difficult to obtain. In most
cases,however, a goodapproximationis generallyall that is de-
sired.A separateproblemis thattrueprojections,or evenaccurate
approximations,aredifficult to obtainusinglasersourcessuchas
this one,sincethe lasercannotpenetratea solid objectsuchasa
mine.TheCCDimagesroughlyapproximatetheintegrationof the
reflectivity functionof themineandthewatercolumn,but cannot
includeobstructedareasof the scene. However, reconstructions

madefrom imagessuchasthese,while not idealin any sense,still
preserve the overall shapeof the original objects[3]. The only
registration that was performedon the CCD imagedatawas to
move the mine to thecenterof eachimage;eachimagewasalso
scaledto a particularset of dimensions(8 metersby 8 meters).
After theseregistrationswereperformed,the CCD imageswere
treatedastrue2D projections.ThePMT returnsdo not resemble
true1D projectionsdirectly, andneedto beprocessedaccordingly
beforethey canbetreatedassuch.In particular, thesectionof the
PMT returnsfollowing the initial watersurfacereflectionfollows

theexponentialform bdc <�e�fChg�Eji�kFlAG < , wherem representstheabsorption
coefficient of theoceanwater, n representstherangein water, o
is thealtitudeof thesensor, andp is therefractionindex of water
[4]. After compensatingfor theexponentialcharacterof thescat-
tering in thewater, thereflectionpulsefrom theminewasclearly
visible. However, thelaserpulseusedin thisdatasetwastoo long
to provideany meaningfulinformationabouttherangedimensions
of the mine. The reasonis that the radiusof the mine (.5 meter)
wastoosmallcomparedto thelengthof thelaserpulse(6 nstrans-
latesto 1.35metersperpulsein water).Thepulsealsowidensdue
to scatteringafter reflectionoff the mine. As a result, the PMT
returns,while extremelyvaluablein the detectionprocess,areof
little valueatpresentfor our tomographiceffortswith thisdataset.

5. ALGORITHM

Thefirst stepin thereconstructionalgorithmis theregistrationof
theCCD images;eachimageis circularly shiftedsothatthemine
appearscentered,andeachis dimensionallyscaledto representthe
samearea. At this point, eachimageis treatedasa true 2D pro-
jection,andthenext stepis to calculatethecorrectrotationmatrixS basedon the locationof the mine andsensors,aswell as the
directionof propagationof the laser. Locationsof all relevantob-
jectsaregiven by aircraft instrumentsandGPSdatain termsof
relative East(treatedas 
 � ), North (
 � ), andZ (
 � ) coordinates,
whereZ representsaltitudewith respectto sealevel. We definedS in termsof two anglesq and r ; wedefineq astheanglebetween
the directionof propagationof the laserin water(consideredL � )
andthe 
�� -axis, while r is definedasthe anglebetweenthe 
�� -
axis and the projectionof L�� onto the 
��d
�� -plane. Thus, q andr arerotationanglesrelating the line of sight (L � ) to the princi-
ple coordinateaxes. At this point, the Projection-SliceTheorem
is applied;theFouriertransformof eachprojectioncorrespondsto
a slice of the Fourier transformof the reflectivity function of the
scatterersin the watercolumntaken at the sameanglesq and r .
TheProjection-SliceTheoremcanbeeasilyshown to hold for dis-
cretetime/spacesignalsusingthediscretetime Fourier transform
(DTFT). We usethe fast Fourier transform(FFT) to samplethe
DTFT of eachCCD image;thus,we obtainFourierdataalongthe
dimensionsY^� and YA� correspondingto thediscrete-valuedcoor-
dinatesystemH , which arerelatedto the discreteFourier dimen-
sions, correspondingto thediscretevaluedcoordinatesystemP
by

,s�,Z�, � �tS O Y^�YA�> �

asdescribedin Section3. Eachsetof Fourierdata,however, must
beresampledontoaCartesiangrid sothattheFourierdomaindata
canbe invertedbackto thespatialdomainusinga fastalgorithm.



This resamplingis donewith a simplenearest-neighborinterpola-
tion. Finally, after theFourierdatafrom eachimagehasbeenin-
corporatedinto theCartesiangrid, thereconstructionis completed
by takingits inverseFFT.

6. EXPERIMENTAL RESULTS

The resultsfor the reconstructionfrom theCEFTdataareshown
in Fig. 1(a).Noticethatinsteadof asphereappearingin thecenter
of the volume,we seean off-axis ellipsoid. The objectappears
off-axis andellipsoidalbecausethelook angleshaddiversity in r
of only around60 degreesandonly rangedfrom 13 to 18 degrees
in q . For a fixed q , an increasein r -diversity tendsto causea
reconstructionof a sphericalobjectto becomelesselongatedand
moreon line with the 
�� -axis,asexperimentswith analyticalpro-
jectionsshow. Of course,thebestreconstructionsof objectsof this
natureusingfixed q areachievedwith qu�wv�> degrees.To judge
thequalityof ourreconstructionfrom CEFTdata,areconstruction
wasperformedusingtheoreticalprojectionsfrom a spheretaken
at exactly the sameanglesas the real data. This reconstruction,
shown in Fig. 1(b), closelyresemblestheoff-axis ellipsoidfound
in theCEFTreconstruction.In addition,planarslicesof eachre-
constructionareshown in Fig. 2 andFig. 3, respectively. Note
that the shapeandangularorientationof the reconstructedmine
in eachplanarslice is similar to that of the object reconstructed
from analyticalprojections.This shows thatour modelingof the
CCD imagesastrueprojectionswasnot unjustified,andsuggests
that a richer datasetwith greaterangulardiversity shouldgreatly
improve thequality of reconstructions.

7. CONCLUSION

In this paper, we have extendedthe useof datacollectedfor a
mine detectionsysteminto a tomographicimagingproblem. We
have taken CCD imagesandPMT datafrom a systemdesigned
solely for detectionandusedthemin a tomographicframework,
andproducedresultswhich, while not ideal, suggestthat a sys-
temdesignedfor thetomographicimagingproblemcouldproduce
high-qualityreconstructions.The limits on the quality of results
achieved in this paperareattributedto the lack of a rich dataset
with a wide rangeof look angles,as well as a pulsewidth too
widefor meaningfulPMT data.Sinceourreconstructionfrom real
datawassimilar to thereconstructionfrom theoreticalprojections,
thesepreliminaryresultsarepromisingfor futureexperiments,es-
pecially if someform of pre-processingis performedon a com-
pletedatasetso that the datamoreclosely resembletrue projec-
tions.Finally, bettertimeresolveddata,suchasPMT returnsfrom
a shorteror modulatedlaserpulse,shouldimprove reconstruction
qualityalongtherangedirection.
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Fig. 2. Planarslicesof reconstructedmine from CEFT data. a)
North-Z plane.b) East-Zplane.c) East-Northplane.

North (meters)

Z
 (

m
et

er
s)

−8 −6 −4 −2 0 2 4 6

−6

−4

−2

0

2

4

6

8

a)

East (meters)

Z
 (

m
et

er
s)

−8 −6 −4 −2 0 2 4 6

−6

−4

−2

0

2

4

6

8

b)

East (meters)

N
or

th
 (

m
et

er
s)

−8 −6 −4 −2 0 2 4 6

−6

−4

−2

0

2

4

6

8

c)

Fig. 3. Slicesof mine reconstructionfrom analyticalprojections.
a) North-Z plane.b) East-Zplane.c) East-Northplane.


