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ABSTRACT

Detectionand localization of undervater minesremainsa chal-
lenging and importantproblemfor safe operationof naval plat-
forms. A numberof new technologiesxploit airborneLIDARS,
which canpenetrateheair-waterinterfaceandoptically detectand
localizeundervatermines.Suchsystemsrocesghereceied op-
tical field generatedby scatteringwithin the water column, and
have provento be an effective technologyfor mine detectionand
localization. In this work, we considerthe useof multiple looks
atasingletargetto form athree-dimensionakpresentatioof the
scatterersvithin the watercolumn. To form suchimages,we ac-
countfor theintegrationwithin the receve sensorsandformulate
the problemin atomographidramenork. We will presenprelim-
inary imageformationresultsgeneratedrom datacollectedat sea
with astate-of-the-arNavy mineimagingsystem.

1. INTRODUCTION

Airborne LIDAR (light detectionandranging)systemsare effec-
tive at detectingandlocalizing undervater objectssuchasmines
andsubmarines.This is typically doneby capturingpartsof the
reflectedopticalfield with sensorsuchasCCDs(chage coupled
devices)and PMTs (photomultipliertubes). The CCDsgenerate
imagesof thescattererén theilluminatedwatercolumn,while the
PMT returnsprovide informationaboutthe scenen the rangedi-
rection. TheimagesandPMT returnsareanalyzedandprocessed
to accuratelydeterminewhich objectsarelikely mines,andwhere
they arelocated. In this paper we work with a datasetfrom a
previous study (1998 Competitve EvaluationField Test(CEFT))
collectedby a systemdesignedor the detectionandlocalization
problem. We extend this applicationto a three dimensionalto-
mographicreconstructiorproblem. Our datasetconsistsof CCD
imagesandPMT returnsfrom scenesontainingthe samemineat
differenttimesandangularorientationsthus,eachgivesdifferent
informationaboutthe sizeandshapeof the object. We shawv that,
by treatingtheseCCD imagesand PMT returnsas projections,
3D reconstructionsf the mine canbe obtainedwhosequality de-
pendsmostly on the angulardiversity of the projections.First, we
discusghe natureof the collectedCEFT data.Secondwe present
atomographidramework, anddiscusshow the CCD imagesand
PMT returnscanbe treatedwithin this framework. Third, we dis-
cussour algorithmfor the reconstructiorof 3D objectsfrom this
data.Finally, we presenbur preliminaryresults,includingrecon-
structionsfrom both the real dataandtheoreticalprojectionsof a
sphericabbject.
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2. CEFT DATA

The collected CEFT dataconsistsof CCD imagesand time re-
solved PMT returnsfrom an airborneLIDAR systemflying ap-
proximately360metersabove theocearsurface.The LIDAR sys-
temuseda 100 mJ pulsedlaserat a wavelengthof 532 nm, firing
several pulsesper secondwith eachpulseof duration6 ns. The
two typesof sensorsCCD andPMT, eachcollecteddatafrom ev-
ery pulseasit wasscatteredackto the opticsfrom objectswithin
the water column. For eachpulse,a 64 x 64 pixel CCD image
andfive PMT returnssampledat 6 nswerecollected. EachPMT
channekenedadifferentfunction;onewasusedto detecthesur
faceof the water while eachof the otherfour wasfocusedon a
differentquadrantof the laserspoton the water surface;thatis,
eachquadrantin the resultingCCD imagehasits own respectie
photomultipliertube measuringphotonsfrom roughly the same
particularvolumeof water If amineis seenin a particularquad-
rant of the CCD image, we expectto seeevidenceof the mine
in the PMT focusedon that samequadrantandvice versa.Each
PMT is ableto collect photonsfrom a large fraction of the illu-
minatedwatervolume, and canthereforebe sampledsuficiently
fastto obtainpreciserangeinformation. However, sincethe PMT
is optically boresightedo a wide areaof the illuminated water
column, little spatialinformationis collectedbeyond the simple
2 x 2 PMT pixel array Ontheotherhand,the CCD imageis col-
lectedby gatingthe returnarounda particularrangeof depthsin
the water column. This gatemustbe large (deep)enoughto en-
surethata targetreturnfrom areflectedmine will be completely
captured(integrated). However, if it is too large, the signal will
be overwhelmedyy the backgroundscattererén themedium.The
particularmine which wasreconstructedhasa true diameterof 1
m, andappearon the CCD with a width of approximately6 to 7
pixels.

3. TOMOGRAPHIC FRAMEWORK

Givena 3D objectthatexhibits a propertyg definedin threespace
by g(x1, z2, x3), wedefinethefollowing linearprojectionp: (z3):

pi1(z3) = //g(m,xg,xg)dx] dzo.

Similarly, we canalsodefinea planarprojectionpa (1, z2):
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Thus,the former projectionmapsthe function g(z1, z2, z3) onto
a one dimensionalfunction p: (z3) by integrating acrossplanes,



while the latter projectionmapsg(z1, z2, 3) onto atwo dimen-
sionalfunctionpz(z1, x2) throughline integrals.

TheProjection-SliceTheoren1, 2] demonstratethe follow-
ing relationshipsdetweerthe FouriertransformG(wi , wa, w3) of
g(z1, z2, x3) andthe Fouriertransformsof its projections:

Py (ws) / p1(x3)e 79373 dws
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G(wl, w2, UJS) |w1:w2:0
G(0,0,ws). 1)

o
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= G(wl,WQ,O). (2)

For the generalcaseof an othonormallytransformedcoordinate
systemt = [t; ta t3]T of x = [21 x2 x3]”, wheret = Ax and
Q=Aw, we have

P] (Qg) = / P1 (t3)67j03t3 dta
0
= G[AT]| o , ©)
Q3
and
Py($,€) = //pz(t1,tz)e_j(glt”%tz)dtldtg
O
= G[AT| Q . (4)
0

Thus,theFouriertransformof alinear/planaprojectionrepresents
a linear trace/sliceof the Fourier transformof the objectitself.
Given a completesetof projections the entire Fourier spacecan
beknown. Thisis animportantresultthatformsthebasisfor mary
image-reconstructioproblemsfor it shavs thatanimagecanbe
reconstructedrom its projectionsthroughthe useof the inverse
Fouriertransform.

4. HOW THE DATA FITSINTO THE TOMOGRAPHIC
FRAMEWORK

TheProjection-SlicélTheoremenableseconstructionsf anobject
to be obtainedfrom a completesetof projections.However, in a
practicalapplication,a completesetis difficult to obtain. In most
caseshowever, a goodapproximationis generallyall thatis de-
sired. A separat@roblemis thattrue projectionspr evenaccurate
approximationsaredifficult to obtainusinglasersourcesuchas
this one, sincethe lasercannotpenetratea solid objectsuchasa
mine. TheCCDimagesoughlyapproximateheintegrationof the
reflectivity functionof the mineandthe watercolumn,but cannot
include obstructedareasof the scene. However, reconstructions

madefrom imagessuchasthesewhile notidealin ary sensestill
presere the overall shapeof the original objects[3]. The only
registrationthat was performedon the CCD image datawas to
move the mine to the centerof eachimage;eachimagewasalso
scaledto a particularsetof dimensiong(8 metersby 8 meters).
After theseregistrationswere performed,the CCD imageswere
treatedastrue 2D projections.The PMT returnsdo not resemble
true 1D projectiongdirectly, andneedto be processeaccordingly
beforethey canbetreatedassuch.In particular the sectionof the
PMT returnsfollowing theinitial watersurfacereflectionfollows

theexponentiaform % , Wherea representtheabsorption
coeficient of the oceanwater, £ representshe rangein water H
is the altitudeof thesensorandm is therefractionindex of water
[4]. After compensatindor the exponentialcharacteiof the scat-
teringin the water, thereflectionpulsefrom the minewasclearly
visible. However, thelaserpulseusedin this datasetwastoo long
to provide ary meaningfuinformationabouttherangedimensions
of the mine. Thereasonis thatthe radiusof the mine (.5 meter)
wastoo smallcomparedo thelengthof thelaserpulse(6 nstrans-
latesto 1.35metersperpulsein water). Thepulsealsowidensdue
to scatteringafter reflectionoff the mine. As a result,the PMT
returns,while extremelyvaluablein the detectionprocessare of
little valueat presenfor ourtomographiefforts with this dataset.

5. ALGORITHM

Thefirst stepin the reconstructioralgorithmis the registrationof
the CCD images;eachimageis circularly shiftedsothatthe mine
appearsenteredandeachis dimensionallyscaledo representhe
samearea. At this point, eachimageis treatedasa true 2D pro-
jection,andthe next stepis to calculatethe correctrotationmatrix
A basedon the location of the mine and sensorsaswell asthe
directionof propagatiorof thelaser Locationsof all relevantob-
jectsare given by aircraft instrumentsand GPSdatain termsof
relative East(treatedas z1), North (x2), andZ (x3) coordinates,
whereZ representsltitudewith respecto sealevel. We defined
A in termsof two angled) and¢; we definef astheanglebetween
the direction of propagatiorof the laserin water (considereds)
andthe x3-axis, while ¢ is definedasthe anglebetweenthe z1-
axis andthe projectionof ¢3 onto the z1x2-plane. Thus,# and
¢ arerotation anglesrelatingthe line of sight (¢3) to the princi-
ple coordinateaxes. At this point, the Projection-SliceTheorem
is applied;the Fouriertransformof eachprojectioncorrespondso
a slice of the Fourier transformof the reflectvity function of the
scatterersn the water columntaken at the sameanglesf and ¢.
TheProjection-SliceTheoremcanbeeasilyshavn to hold for dis-
cretetime/spacesignalsusingthe discretetime Fouriertransform
(DTFT). We usethe fast Fourier transform(FFT) to samplethe
DTFT of eachCCD image;thus,we obtainFourierdataalongthe
dimensiong?; and(2, correspondingo the discrete-aluedcoor
dinatesystemt, which arerelatedto the discreteFourier dimen-
sionsw correspondingo the discretevaluedcoordinatesystemx

by

w1 V1
w2 = AT QQ
w3 0

asdescribedn Section3. Eachsetof Fourierdata,hovever, must
beresampledntoa Cartesiargrid sothatthe Fourierdomaindata
canbeinvertedbackto the spatialdomainusinga fastalgorithm.



Thisresamplings donewith a simplenearest-neighbanterpola-
tion. Finally, afterthe Fourierdatafrom eachimagehasbeenin-
corporatednto the Cartesiargrid, thereconstructioris completec
by takingits inverseFFT.

6. EXPERIMENTAL RESULTS

Theresultsfor the reconstructiorfrom the CEFT dataareshavn
in Fig. 1(a). Noticethatinsteadof a sphereappearingn thecentel
of the volume, we seean off-axis ellipsoid. The objectappear:
off-axis andellipsoidalbecausehe look angleshaddiversityin ¢
of only around60 degreesandonly rangedfrom 13 to 18 degrees
in 0. For afixed @, anincreasein ¢-diversity tendsto causea
reconstructiorof a sphericalobjectto becomelesselongatedand
moreon line with the z3-axis, asexperimentswith analyticalpro-
jectionsshav. Of coursethebestreconstructionsf objectsof this
natureusingfixed # areachiered with # = 90 degrees.To judge
thequality of ourreconstructiorirom CEFT data,areconstruction
was performedusingtheoreticalprojectionsfrom a spheretaken
at exactly the sameanglesasthe real data. This reconstruction,
shavn in Fig. 1(b), closelyresembleshe off-axis ellipsoid found
in the CEFT reconstructionIn addition,planarslicesof eachre-
constructionareshavn in Fig. 2 andFig. 3, respectiely. Note
that the shapeand angularorientationof the reconstructednine
in eachplanarslice is similar to that of the objectreconstructed
from analyticalprojections. This shavs that our modelingof the
CCD imagesastrue projectionswas not unjustified,andsuggests
thata richer datasetwith greaterangulardiversity shouldgreatly
improve the quality of reconstructions.

7. CONCLUSION

In this paper we have extendedthe use of datacollectedfor a
mine detectionsysteminto a tomographidmaging problem. We
have taken CCD imagesand PMT datafrom a systemdesigned
solely for detectionand usedthemin a tomographicframework,
and producedresultswhich, while not ideal, suggesthat a sys-
temdesignedor thetomographiamagingproblemcouldproduce
high-quality reconstructions.The limits on the quality of results
achieved in this paperare attributedto the lack of a rich dataset
with a wide rangeof look angles,aswell as a pulsewidth too
wide for meaningfulPMT data.Sinceourreconstructiorirom real
datawassimilar to thereconstructiorfrom theoreticalprojections,
thesepreliminaryresultsarepromisingfor future experimentses-
pecially if someform of pre-processings performedon a com-
plete datasetso that the datamore closely resembletrue projec-
tions. Finally, bettertime resoheddata,suchasPMT returnsfrom
a shorteror modulatedaserpulse,shouldimprove reconstruction
quality alongtherangedirection.
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Fig. 2. Planarslicesof reconstructednine from CEFT data. a)
North-Z plane.b) East-Zplane.c) East-Northplane.

Z (meters)

Z (meters)

North (meters)

=)
T

-4 -2 0
North (meters)
a)
T T T
. . .
-4 -2 0
East (meters)

=)
T

-4 -2 0
East (meters)

<)

2

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




