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1.0 Abstract

Many active and former military installations haa@ges and training areas that include
adjacent water environments that pose technicdlectges for cleanup of unexploded ordnance
(UXO). This SERDP project was aimed at testing aded technologies, originally developed
for mine detection under the Synoptic Airborne M&leénsor System (SAMSS) program, for
underwater UXO detection. Multiple technologies evewvestigated during the project,
including:

* multispectral imaging

* REVEAL (Rapid Efficient Volumetrically-EnAbled Lidaand

* lidar shearography.
Of the three technologies, two (MSI imagery and RBY lidar) were tested simultaneously
from the Makai Pier in Oahu against the same tdrelels. However, while results from each of
the three technologies were promising, more woddsedo be done to ensure a fused “synoptic”
solution can be achieved.

2.0 Objective

The objective of the proposed research projecttwvaslapt and exploit the capability of a
synoptic sensor system, developed under the asspi@land mine detection program, to detect
underwater UXO, including ordnance buried bendaghseabed. This system is termed
“synoptic” because it synergistically integratesethsimultaneous distinct modes of passive and
active sensing with knowledge-based informatiooreate a detection system that is expected to
be, in principle, orders of magnitude more cap#de any one sensor.

3.0 Background

Many active and former military installations hae@ges and training areas that include
adjacent water environments such as ponds, lakess restuaries, and coastal ocean areas.
Most munitions operate properly, but historicalaiets indicate that up to 10% of all munitions
fail to detonate as desigrfedDue to the technical challenges created by gemmedium, UXO
detection technologies and, therefore, the cleahdlpese sites have lagged technologies and
cleanup on land, especially with respect to ordedngied beneath the seabed. Although
difficult, cleanup of underwater sites is among Dmfibrities for environmental programs.

Ordnance can take many forms but is often artildrgils that are buried to varying depths
beneath the seabed. Underwater UXO sites may ¢afsiarious water salinity/depths and
bottom compositions, littered with buried and unédmunexploded ordnance as well as debris
fields arrayed according to patterns that develdpethe long term use of the training sites
(target areas, extent of flight, etc.). In deepater, most UXO will be found on the bottom or
buried just below the seabed, where the bottoronsposed of deep layers of mud or fine silt,
gravitational burial may be expected. Where thél@@ahas little sediment, the UXOs are often
bio-fouled with corals and algae, making them appeailar in color to the bottom (Figure 1).

Typical ordnance at underwater sites can take rehages and sizésind reside in a variety of
environmental conditions. Ordnance landing inlslalvater may bury on impact to varying
depths, depending on angle of impact; soil typepdpf aircraft and impact; height of release
and shape. In deeper water most UXO will be foomdhe bottom or buried just below the
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seabed due to scouring effects caused by hydrfauntes. Where the bottom is composed of
deep layers of mud or fine silt, gravitational lalirmay be expected. In many cases, burial can
be modeled and predicted with some accuracy usinlg such as the “adapted” VORTEX

modef and that knowledge exploited. Underwater sitesetfore, may consist of various water
salinity, depths and bottom compositions, litteneth buried and unburied unexploded ordnance
as well as debris fields arrayed according to padgtéhat developed by the long term use of the
training sites (target areas, extent of flight,)etc

MUNITIONS MUNITIONS

IR

Flgure 1. | Examples of UXO munmons b|0 fouled anaencrusted with corals and algae

3.1 Existing Detection Methods

What is needed is a fast, efficient means for dietgainderwater UXO. Examples of existing
technologies and their shortcomings include:

Synthetic-aperture ground-penetrating radar isté use in estuarine and coastal soils,
(except in very shallow freshwater sites) due todlectrical conductivity of saltwater, as
is shown in Figure 2;

Magnetometers have poor discrimination capabiigyry limited coverage rate and suffer
from high false alarms, although some recent dicamt advances have been made on
land using magnetometer and electromagnetic inoluctombinatiorts

Sonar systems, especially high resolution side-soaars have good coverage rates and
discrimination of proud objects on the bottom, &rg not generally usable in the very
shallow inshore areas, especially where theretigeasurf, and do not typically penetrate
the bottom; and

Acoustic sub-bottom profilers tend to be cumberstmefrequency systems with large
arrays and also are limited to deeper water deptblshave low coverage rates.

It should also be noted that traditional seismiwvey techniques using geophones have been
proposed and recently tried with mixed successifiolerwater UXO detectidh Several past
approaches have involved fusion of two or moreénese technologies with limited
tactical/operational success.

3.2 Optical UXO Detection

Detection of partially buried or proud underwatet@is possible in waters where backscattered
light from the seafloor has a higher intensity thackscatter from the water column. While pure
water does scatter and attenuates light, the optiogerties of natural waters are dominated by
suspended sediment, colored dissolved organic m{&EOM) and phytoplankton. Seawater
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and it constituents exponentially attenuate (follmyBeer’'s Law) light via absorption, as well as
via scattering in all directions. The light backsesed back towards the viewer is the main
component of the upwelling-light signal strengtld ahape in deep water. In shallow water,
seafloor backscatter can also be a major contnittatthe upwelling light, with the apparent
reflectance of the bottom being modulated by atiinn and scattering in the overlying water —
the scattering also blurs bottom features and saaggparent color shifts at feature edges. In clear
tropical waters with little chlorophyll, CDOM andispended sediment, visible wavelengths will
penetrate further than in turbid coastal waters riear outflows or after rainstorms. Therefore
the utility of visible wavebands for ordnance détatdepends on the water type, recent
weather, and the coastal environment. For purpoisesnceptual employment, typical ordnance
may be expected to be detected to a nominal wafghf approximately six meters.
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Figure 2. Wavelength-dependent attenuation of elecmagnetic radiation in pure
seawater. KD is the distance at which light attenuas by a factor of 1/e. For wavelengths
longer than the near-infrared (NIR), penetration ofradiation in seawater is negligible.

KD (me

Despite the difficulties of imaging through wattre differential attenuation of various
wavelengths of light in water (Figure 3) can belekpd to retrieve many types of information
about ordnance and the environment. Knowledgeeoiter type can be combined with
knowledge of the spectral reflectance of bottomstiturents (Figure 4) to infer both water types
and bottom composition from remotely-sensed ligigicsra. For the ONR-funded system, six
bands were chosen to cover major spectral regibwar@bility and capture information that can
be used to distinguish different types of objectbaitom composition. These bands constituted
a Visible-NIR (VNIR) multispectral suite includiriggbands in the visible spectrum (400nm —
700 nm) and one in the near-infrared (above 70Q hg utility of the near-infrared (NIR) band
derives largely from the fact that infrared radiatdoes not penetrate seawater deeply. Thus, any
strong signal in the infrared must arise from stefabjects or from reflections of above-surface
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objects (such as clouds). This allows improvedrdigoation of surface clutter (such as foam
and glint), and detection of floating objects.
A4
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tropical waters. All of the bottom types retain sificient spectral information to allow for
discrimination and classification.
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The utility of multiple well-chosen imaging ban@ss opposed to simple 3-band color imaging)
arises from the fact that ordnance may be painiddawariety of color schemes, or develop a
weathered or bio-fouled coloration after some timthe water (See Figure 1). Therefore
ordnance may have no characteristic spectrummayt take on the spectrum of the unique
growth naturally selected to adhere to its cas(fently in concentrations and spectral
properties that aneot typical of the background). The fact that therapsvelling light in the

blue and green wavelengths allows one to use spp@ctomaly detection routines to find objects
that do not match the natural background in colshape. In some cases, UXO will have been
submerged for many years and will have accumulatiick covering of encrusting flora and
fauna, making it spectrally identical to the seaifldn this case, it would be necessary to use an
algorithm that detects the overall physical shdpb®UXO as opposed to the spectral signature.

3.3 Optical-Acoustic UXO Detection

Shearography is based on optical interferometrytakels advantage of the long coherence
length of laser light to form interference patteofishe back-scattered light from the target area
with light from a reference beam. If the path difiece between the two arms of the
interferometer is less than the coherence lengtheofight source, the beams are summed taking
into account the vector nature — direction, amgktand phase — of the electric fields, rather than
simply summing the intensity of the light wavesisitector sum is the basis for the bright and
dark fringes of interferograms which indicate constive and destructive interference,
respectively.

For shearography the source of the “reference” wantis light backscattered from the target
itself, but displaced relative to the test wavefioyna given distance known as the shear
distance. As the distance from the sensor plattorthe target area changes, the path lengths of
both the test and reference arms in the interfetenahange at nominally the same rate since the
beams are nearly common path. Therefore, to frd#rothe resulting interference pattern is
unaltered. This common-path characteristic is #ason shearography is less sensitive to sensor
platform motion than other techniques.

Shearography operates by detecting differencesdagtiwo successive (short exposure)
interferograms of the vibrating target surface. ldoer, since the reference wavefront is derived
from neighboring points on the target surface résailtant map, known as a shearogram,
displays fringes that are to first approximatiomtonrs of equathange in the surface slope
between the two exposures. Specifically, it istbmponent of surface slope along the shear
direction that is detected. The fringe contoursspaced at intervals equal to slope changes of
+ A/ 2 Dshear WhereA is the laser wavelength abdy e, is the shear distance. Since the fringe
spacing is inversely proportional to the shearatisg, the sensitivity of the technique can be
adjusted by altering the amount of sfetircreasing the shear increases sensitivity wetar

slope changes.

4.0 Materials and Methods

The synoptic sensor suite was comprised of thraa omanponents, tested separately and
characterized as to their capabilities to detegeblordnance, unburied ordnance, bottom
features, and environmental paramet&eble Il ). Each sensor exploited a distinct aspect of the
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physics of light propagation in marine environmeiitse common detection methodology is
optical, since the sensors are ultimately interfdedirborne use. (For maritime mine
countermeasures applications, optical methodsharerily means eveheoretically capable of
detection through the air-water interface at tathyeuseful search rates, and with sufficient
resolution to discriminate ordnance from biologacsl non-mine debris.) By combining multiple
independent methods of detection, a suite of sertsor achieve detection performance far
superior to any one sensor alone. Operated togethén Figure 5, they may provide enhanced
detection probabilities and orders of magnitudeictidn of false alarms. The sensors are
discussed in more detail in following subsections.

Table 1. Synoptic Sensor Suite

Fused Data Map

Sensor ‘ Description
VNIR MSI | Visible near-infrared multispectral
3D LiDAR |3D imaging single band LiDAR
Range-gated LiDAR interferometric
shearography

* Directed
7 “:,/ Acoustic Source
,#' — . (Alternative)

“Scene Understanding” _
: Algorithms _ Shearography
“VNIR MSI Area Imager ¥ -

/.idar Shearography

" 3.D Lidar

Ath er (future) Sensors

Observations Rot i
/-' SR [/ AcoustchgJ:;@
/ Principles Database (Alternative) w.\_/
A-Sltu Enwron Survey / 2 .f

Gmd’ !

Figure 5. Schematic overview of the mine-detectiosystem for the SAMSS project.

Table Il. Summary of Phenomenology Studies

. . Background
Sensor Proud UXO Buried UXO Scour Pits Variability
VNIR MSI Spectrum Spectrum Spectrum
Water Tank or| REVEAL Shape Shape Features
Field (Pierside) Speckle Speckle Speckle |, . .
Shearography Signature | Signature | Signature Vibration Signature
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4.1 Multispectral Imagery

The multispectral imager (MSI) used in this stuchsva 6-band, compact imager designed for
surf-zone mine detection for the Office of NavakBarch (ONR). The 6-pack is a high-
performance miniature multispectral area imaginmgeedesigned for turreted and small-UAV
configurations. The 6-pack technical featuresudel 1000 x 1000 pixel resolution, high
guantum efficiency Focal Plane Array (FPA), indegeamt band-tailored optics, configurable
VNIR Spectral Coverage, and camera-link imagingriiaice.

The MSI method offers the potential for seeing tigto the glint and foam clutter on the sea
surface. This is due to the framing nature ofNt& system, in that multiple ‘looks’ of scene
are collected over a short time period, and caméeged to enhance system performance, as
shown in Figure 6. This enables at least one gooki &t the targets of interest during the typical
6-second period for which a given target is inghstem field of view during overflight.
(Stationary systems can take advantage of moreslpBkirther gains are obtained by removing
glints and foam in each multi-band frame beforertteege, and running spectral-discrimination
algorithms on merged de-glinted image frames.

Figure 6. Demonstration of glint and foam removal de to the merging of multiple,
overlapping image frames from the 6-pack MSI.

For the SERDP program, the MSI imagery was spit individual spectral bands, with each
band analyzed independently. Rather than spetis@imination of targets using the six-band
imagery, we chose to focus on edge detection tttiigehe straight (i.e., man-made) edges in
the images. The Canny method finds edges by lgdkinlocal maxima of the gradient of a
vector of interest. The gradient is calculated gsire derivative of a Gaussian filter. The method
uses two thresholds, to detect strong and weaksedge includes the weak edges in the output
only if they are connected to strong edges. Thithotkis therefore less likely than the others to
be fooled by noise, and more likely to detect tn@ak edges. The edge detection was
implemented using the standard Matlab Canny edtgztien routine.



BAE SYSTEMS

4.2 REVEAL

The REVEAL imaging method offers the potential daserving the shape of ordnance on the
bottom, indicators of ordnance such as scour gitd,bottom features. Because REVEAL is
implemented with a range-gated ICMOS (Intensifiéd@@S) camera, the large array size (1024
x 773) provides detailed information on the 3D shapobjects. The REVEAL resolution
capability is illustrated in Figure 7. REVEAL ramgnaps are insensitive to non-uniform target
reflectance and inhomogeneity of the illuminationree, though very dark objects yield noisy
range images. In the example shown in Figure 711Bench (3 cm) steps are clearly defined in
the REVEAL image, while they are not distinguisteainl the conventional lidar picture. For a
conventional imaging lidar to achieve similar ramggolution would require digitization at a
sampling rate exceeding 10 GHz, beyond the capiabilbf current technology.

Conventional Lidar Image REVEAL Range Image

Figure 7. REVEAL operation in laboratory versus a sair-step target on felt-covered
tabletop against a white wall. Left: conventionalidar image, showing features dominated
by reflectance variations. Right: REVEAL imaging range map — lighter is closer, darker
is further away.

The REVEAL system employs a range-gated LIDAR, Wwhiggisters all pixels simultaneously,
thereby reducing image distortion, software comipyexand improving energy efficiency
enabling deeper penetration. The REVEAL technizpliects fine-resolution in all three spatial
dimensions without requiring high speed temporai@ang (GHz or faster). REVEAL distances
are computed from pairs of range-gated lidar retweollected with gates much wider than the
size of the object being imaged. Despite the theskrof the range gates, REVEAL achieves
precise range resolution by exploiting the tempshape of the gate- the way the gates ramp up
and down as the camera is turned on and off, uemgonlinear slopgt) of the upramps and
downramps of the gain curve. A pair of images @bdld to place the target at different places on
the ramps is processed to separate reflectancerémoge and render an image of ranges to target
across the entire image.

To select the best delays for REVEAL computatigmeceed as follows.
1. Measure and plot a gain profile.

2. Convert the target heightto delay time throughr = (2nh/c) , Wheren is the index of
refraction, ana is the speed of light in vacuum.

3. Find the point of maximum slope for each ramp, esoter an interval of widtls around
this point.
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4. If the gain profile was measured at the furthestastice of the target, then use the end of
each interval that has the shortest delay time.

4.2.1 Gate Profile Generation

The following sequence of data processing stepmass knowledge of how to choose the
correct time values for the gate profile for theda In addition, depending on the experiment
environment, one can choose a 10ns, 15ns, or 28as pulse width. For shallow water it is
desirable to use the shortest pulse width postilaleproduces linear regions on the “up ramp”
and “down ramp.” Most of our experiments used aewidth of 15ns, which corresponds to a
gate thickness of 7.5 feet in air, and 5.6 featéter.

We collected 100 frames per time slice, therefaeheaw file contains 100 frames sampled at
30 Hz. Typical time values used for the laborasetup were in the range of 50 — 70ns, with
samples taken at 1ns intervals. To create a plbteoGate Profile over time, we choose a region
of interest within the frame, typically a small tagle within the center of the image frame.

The gate profile across different regions of thage are not identicallTherefore it was

important to select a ROI representative of thgdaand at a similar field of depth. The Gate
Profiles were created in Excel.

In the laboratory the measured gate profiles fan@a 1 and Camera 2 were nearly identical,
and therefore the analysis methods were designidhat assumption. In the Makai Pier
experiment however, it was discovered that thegate cameras had gate profiles shifted by
about 2ns. (Figure 8). It was not determined veaatsed this shift: the electronics,
environmental conditions, or the air to water difeces.

Because the gate profile is used as the empiradddration data for producing a range map, it is
important that this data be as accurate as possilfiiss means imaging points in time spanning
35 — 45 ns to produce a gate profile curve.

4.2.2 Ratio Image File Generation

Once the gate profile is calculated the next sfdép average each of the 100 frames in each data
file into a single image. Then the average imagmfthe “down” portion of the gate profile is
divided by the average image from the “up” portadrthe gate profile (Egn (2)). This stage
requires some experience on selecting the besipaigs that will create the optimal 3D image.
In general if we have 5 images on the up ramp anabges collected on the down ramp, there
are 5*5=25 possible pairings of up/down images.th@se 25 image ratio combinations some
combinations will produce better results with rer noise, illumination, and SNR.
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4.2.3 Distance Calibrated Relief Image Generation

The next step in the REVEAL processing is to contrex best ratio image products created in
Section 4.2.2 into distance (in cm). The interpolaof ratio-to-distance values is calculated
situ by calibration imagery taken at the beginninghaf tield exercise and the known water
depth (Egn (3)). The initial conversion proved®too noisy to handle effectively, and
therefore was spatially smoothed using a contraabaic mean filter. (See Gonzalez and
Woods,Digital Image Processing, Third Edition). The filters were implemented kwthe
MATLAB function ordfilt2, a 2-D order-statistic filtering function. Once tthstance calibrated
image is spatially filtered, theurffunction in MATLAB can be used to create 3D surfaesath
this 2D matrix.

4.2.40ne Camera LIDAR

The first data collects in the program utilizedyoahe camera (receiver) in the REVEAL set-up,
using two sequential images for the REVEAL 3-dimenal images can be created using a “gate
profile” function to create a relationship betweetensity ratio and distance. The intensity ratio
is the ratio between two co-located pixels imagedifeerent times. This output distance, or
relief, corresponds to a 3D shape of the scene.

The returning light from a scene is a convolutietween the laser pulse, the scene reflectance,

and the gain profile of the camera intensifier. cfeate this distance map of an object or scene,
we need: 1) a gate profile, and 2) two images fwathin this gate profile time range.

10



BAE SYSTEMS

4.2.5Two camera LIDAR

Adding a second camera allows the ability to rgpg#imple an underwater scene, with two
images sampled within a few nanoseconds. Thislrsguinpling allows the system to operate
even in the presence of turbulence and distororthe water surface. Essentially one “up
ramp” image is collected by Camera 1, and one “damp” image is collected by Camera 2
using the same laser pulse.

Adding a second camera adds several new analysiplerities in that a) the two images must
now be coregistered and b) two gate profiles mast be collected: one for Camera 1 and one
for Camera 2. The procedure used when working twithcameras is as follows:

Collect Dark File

Collect Gate Profile for Cameras 1 and 2

Calculate the Gate Profile for Cameras 1 and 2

Coregister the imagery from the two cameras

Collect Imagery over the targets

Create Range Map

Convert ratio files to depth images (in cm)

NouokrwhE

4.2.6 Dynamic Range and Glint

One of the significant challenges with the REVEAdtalwas the tendency for closer objects to
be much brighter than distant objects (Figure®)is artifact became significant when adjusting
images and color maps for optimal viewing in tineg dptimal dynamic range of interest for the
target is often a tiny fraction of the full rangé&.or example, the majority of pixels for the shell
and disk in Figure 9 have a digital number of fuétl - 0.05 out of the 0.0 to 1.0 digital number
range for the entire image. (The camera system legnap 10 bits depth.)

4.3 Shearography

Shearography is a high-sensitivity speckle-inteni@gtric technique that is used to observe and
measure the spatial structure of the displacenwdras object surface. Object surface motion is
typically induced by application of an acousticmoechanical forcing function. Shearography
takes advantage of the fact that a surface whasiealaoughness scale is greater than the
wavelength of the laser light illuminating it wpkoduce a visible speckle pattern superimposed
on the image of the surface. The speckle pattesriteappearance of spatial white noise. When
viewed through an imaging shearing interferometer speckle pattern serves as a random
spatial carrier of information about the statehaf bbject surface. Typically, buried objects are
displayed as anomalous images within this speckiiem. In addition objects such as buried
ordnance may exhibit, within the temporal dateesonant “ringing” effect in the form of
separate “waves” emanating from the object.

4.3.1 System Configuration

The general layout of the equipment is depicteigure 10. To provide a near-nadir view of the
target area, the laser source and shearographgrdeesdboard tilted up toward a fold mirror.
The fold mirror was mounted and secured onto atira assembly. Under the mirror was a tub
filled with sand. The mirror dimensions were 38has x 26 inches. The tub dimensions were
72 inch diameter and 24 inch depth.

11
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The system control
electronics including the
computer with
framegrabber, laser
controller, and trigger delay
generator were housed in
an electronics rack.

Figure 9. Typical single
camera 100 frame
average image from
Makai Pier experiment.
Target is the shell on a
flat disk. At the top of the
image, glint is evident
from the top white pipe
and the water surface.

MIRROR

Figure 10.
Shearography
SERDP test
configuration.

(SURFACE
OF SAND)

TUB WITH
SAND

The acoustic driver (speaker), MTX Audio model TBQ2rested on a cart facing downward
toward the target area on the sand (Figure 11¥ speaker grill was approximately 40 inches

from the target area on the sand.
Finally, the shearography transmitter and receawermounted together on a common platform
(Figure 12).
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Figure 12. The shearography transmitter and recei@ mounted on the inclined breadboard

plate. A: laser; B: CCD camera; C: lens; D: Micheson shearing cube; E: alignment laser.
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4.3.2 Shearography System Operation

The basic mode of operation of the system is toriifg the target zone with a single frequency
sound wave in the range from 40 Hz to 500 Hz aigdér a camera exposure and laser pulse at
the peak and at the valley of target (sand) sunfiacgon. Ideally, the triggers would occur

within a single cycle of the acoustic wave. Howeeis timing would require the laser and
camera to operate at rates from 100 to 600 Hz eShee camera used for the breadboard sensor
was limited to frame rates less than 14 Hz (71 Misecond frame time), the two exposures
comprising one shearogram were spaced in time lytager-plus-one-half acoustic periods to
arrive at a delay of 71.4 ms or greater. The copimgram calculated the minimum number of
acoustic cycles required for this delay. Furthemmsmce the phase offset between the acoustic
signal and the target surface motion was not knapriori, the target was sampled at each
frequency with a series of phase offsets. A saia¢welve exposures, evenly spaced in time by
(m+ 1/2 + 1/24) acoustic periods, whenes an integer, were acquired. Successive images we
paired to form a series of shearograms with ne8Gf (360° x 13/24) phase difference and
phase offsets incremented by 15° (360° / 24). Eidi® shows every other shearogram of a
cylindrical test target from such a series. Thekpedhe number of fringes occurs at 30° offset,

while the null occurs 90° degrees later at 120Seiff
Offset 0° Offset 30° Offset 60°

100 mm

(b) (©)
Offset 120°

@ (e)
Figure 13. Series of shearograms with increasinghpse offset between the sinusoidal
acoustic signal and the first laser shot. The maxiom surface motion (b) occurs near 30°
offset and the minimum (e) occurs 90° later and roghly 120° offset.
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The shearography transmitter consists of a pufsegiiency-doubled Nd:YAG laser, beam
diverging optics and downward pointing fold mirrérsingle —11.4mm focal length lens
produces a beam divergence of 10° FWHM. Some dkelyespecifications Big Sky Centurion
laser are:

» Wavelength 532 nm,

* Energy per pulse 20 mJ,

* Maximum pulse rate 100 Hz,
The shearography receiver is configured as a Mscmeinterferometer (D in Figure 12) followed
by a camera lens and CCD imager. The Michelsoral#smm beamsplitting cube and two
mirrors equally spaced from the cube, which atedilvith respect to one another to set the
image shear distance. For the experiments ofékis the shear distance was set to 55 + 5 mm
measured at the target surface, but at varioustatiens with respect to the target axis. The 75
mm focal length lens and 1600 x 1200 pixel camesklgd a field-of-view equal to 1.02 x 0.77
m. The scale used was 0.639 mm per pixel. Theeaote on the parallelism of the target
surface and shearography platform in the direaticshear was set to £1°.

4.3.3 Data Processing and Analysis

The basic process of computing a shearogram frematlvy camera images is rather
straightforward for shearography with a staticfolath. The shearogram is calculated by taking
the absolute value of the difference of two seqgab@CD exposures on a pixel-by-pixel basis.
The resulting shearogram is convolved with a 7x@dsSen low-pass filter kernel to improve the
plotting and viewing of the shearogram fringesh# laser illumination remains constant for the
two exposures, the above processing steps areisutffor calculating shearograms from the
raw images. However, the mode structure of the R&& Yaser used in this experiment changes
slightly from shot to shot. The variations are ba brder of 10% of the base Gaussian-beam
intensity with transverse dimensions on the ordé&96 of the far-field beam diameter. Without
correction, the variations in target illuminaticawse spurious patterns in the shearogram image
which mask the fringe patterns from the deformatiohthe target. The effects of the laser mode
fluctuations can be reduced significantly by notimad the two raw images prior to calculating
the shearogram. The image normalization is accatmgdi by dividing, on a pixel-by-pixel basis,
each raw image by its low-pass filtered image wiscbalculated using 21x21 pixel averaging
kernel.

As a last step, emplacement image outlines aredadeach shearogram, as a guide to the eye.

4.4 Field Experiment Set-Up

There were two distinct field experiments to tést feasibility of detecting underwater UXO
using the above outlined techniques. Each is testin detail below.

4.4.1 Makai Pier

On January 11, 2010 a data collection experimestagaducted at Makai Pier, off the Eastern
point of the island of Oahu. The goal of this expent was to test the detection capability of
the optical MSI sensor and the REVEAL laser techgpl The experiment was conducted over
a several hour period in a water depth of approtefyd ft. The targets were imaged through a
wave-dampening plexiglass enclosure, to removthigninitial experiment, wave effects from
the LIDAR imagery (Figure 14).
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Prior to embarking on the field work, the two REVIEAameras were calibrated and their gate
profiles curves calculated via a series of labagatoeasurements (see Section 4.2.1). These
initial profile curves were used to pre-seedithstu calibration necessarily to account for the

actual water depth and sample profile in the field.

The first step in the field experiment was to perf@nin situ calibration of the two camera
REVEAL set-up. A white calibration disk was deptolyon the sea floor, above which was
suspended the wave- dampenlng apparatus (FigureTh#) calibration panel was then imaged
- —_ with the REVEAL
system, the gate profile
curves were calculated,
and the results used in all
subsequent analysis.

Figure 14. Makai Pier
experimental setup.
Note the mobile laser
lab on the pier surface,
the wave dampening
plexiglass device
deployed in the water,
and the white
calibration panel on the
seafloor.

In addition, the white
calibration panel was
imaged by the six-camera
MSI system to providen
situ brightness correction
| and spatial correlation

| with the REVEAL
imagery.

The next step in the
| experiment involved

7 et ' ~ | placing a grey cover over
the whlte callbratlon disk, and then empIacmngErogate UXO target on top of the grey
surface (Figure 15). Data was then collected tjindhe wave-dampening device in a variety of
up- and down-ramp configurations. These configonatinclude {up 1 down 1}, {up 2 down
1}, {up 3 down 1}, {up 1 down 2}, {up 2 down 2}, {g 3 down 2}, {up 1 down 3}, {up 2 down
3}, and {up 3 down 3}. Preliminary contrast imagesre generated in the field to ensure a high
quality data collect.
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The surrogate UXO was then imaged with the MSlesystafter correcting for saturation and
look-angle artifacts of the experimental set-upmahy, the surrogate UXO was place directly
upon the seafloor, sampled as above through tleematrix combinations, and imaged through
the wave-dampening device.

Figure 15. Deployed simulated shell and backgrounplate within wave-dampening device.

4.4.2 Waikele Tunnel

The shearography system was tested for its uiilifetecting UXO using a tunnel test facility at
the Waikele Self Storage Facility on Oahu, HI. laspic tub was used, reference BAE P/N
208301-001.

The target used was a shell 5 inches (127mm) melber and 21 inches in length. The shell had
a 2 inch diameter hole through the length of thelsihlrhe shell weighed 57 pounds. The shell
was buried in a plastic tub with dimensions of i7éhi diameter and 24 inch depth. The tub was
filled with 17 inches of construction-grade santhjoh was kept moist for the duration of the
test. The shell was buried at depths of 1.5 iBahch and 6 inch. Images were taken with the
speaker placed at 0 degree, +45 degree and -48alagrshown in Figure 16 and Figure 17.
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Left Wall
90 degrees
Spkr +45
Tarp Laser
180 degree 0 degree Spkr 0
Spkr —45
Right Wall
270 degrees

Figure 16. Target orientation 1 for shearography ield test.

Left Wall

90 degrees

Spkr +45
Tarp Laser
180 degree 0 degree Spkr 0
Spkr —45

Right Wall

270 degrees

Figure 17. Target orientation 2 for shearography ield test.
Targets were placed approximately in the centéh@&hearography camera’s field-of-view. For

each emplacement, an image with incandescent ilatoin was acquired to record the location
of the target prior to burial. These emplacemersges were used to draw outlines of the target
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locations in the final processed shearogram imaljes top surface of the sand was contoured to
be flat, and parallel to the shearography platfrrwithin £1° along the direction of shear.

“Frequency Surveys” were performed to assess #dmpiéncy response of each target
emplacement in the range of 40 to 500 Hz. At eetpuiency tested, a series of 12 shots
(exposures) were acquired with successive phasetsfdf 15° as described in Section 4.3.2. The
standard protocol scanned frequencies from 40 @oH&0in 10 Hz increments.

The standard configurations for Frequency Survgearments had:
* 75 mm, /4 lens focused on the target surface,
* Insonification with 0.2V, 0.5V and 1V output sajrsine-wave amplitude

The raw data acquired during each experiment csngis series of images captured by the
CCD camera. The images are processed in pairgabecthe final shearograms.

Data recorded in a laboratory notebook for eacleamrgent included:
» Time and date,
* Burial depth,
» Sand condition,
* Insonification frequency and SPL (power),
* Horizontal or vertical shear
* Other relevant observations and notes.
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5.0 Results
5.1 Multi-Spectral Imagery

Due to the rapid bio-fouling of most underwater UXQwas determined to use the edge
detection approach on this imagery. Good (i.ént-glee and in focus) imagery was obtained
during the data collect that was representativeoatlitions that could be encountered by an
airborne or surface-ship mounted sensor systenui&ig8). The contrast between the seabed
and the targets varied considerably from band tallfgsee Band 1 vs. Band 2) as well as the
general absorption and backscatter due to the waédr (Bands 3 and 6 vs Bands 4 and 5).

Figure 18. Grey scale images of each spectral baffdm the MSI sensor. Imagery was
collected of all targets deployed during the MakaPier test.
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Figure 19. Output from the Canny edge detection gbrithm applied to the imagery shown
in Figure 18. Note the improved performance in thémagery in the water penetrating

bands as opposed to the NIR.
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Subsequently, the edge detection routine redhiggi(e 19) also varied significantly from band
to band. Not surprisingly, those bands with theatgst penetration depth and backscatter
produced the best output for denoting the outlingn@ surrogate targets. Those bands with
significant backscatter or absorption resultedgnificantly noisy edge-detection output.

Because it provides spectral information beyondtushavailable with standard camera
technologies, MSI sensing provides a more robugttevaletect un-natural or anomalous objects
than does standard RGB imaging. At the same tintd, (Wovides very high spatial resolution,
allowing edge and shape detection. The combinationorphology and spectrum has proven
very useful in littoral mine-counter-measures petge

5.2 REVEAL

Of the three imaging techniques investigated fas fhroject, REVEAL showed the greatest
technology maturity for through-water counter-UX@phcations. The REVEAL imaging
method offers the potential for determining the pghaf ordnance on the bottom, detecting
indicators of ordnance such as scour pits, andifyasg bottom features. Because REVEAL is
implemented with COTS range-gated cameras, largg aizes (on the order of a megapixel) are
possible, providing detailed spatial informatiom.alddition, the REVEAL technique operates the
cameras in such a way that two range-gated snapshaotbe used to extract the range to each
pixel while automatically correcting for variations illumination and reflectance. Thus,
REVEAL LIiDAR can work in situations, such as imagjitinrough a distorting medium, in which
purely passive shape-from-shading or stereoscogithads are inapplicable. In addition, the
REVEAL range resolution can use inexpensive lonigg@unanoseconds) lasers to achieve
resolution that would normally require picosecoasklr with standard ranging lidar methods.

The application of REVEAL to shape-detection andtefr-discrimination in a relevant
environment is illustrated in Figure 20 and FigRte These were created from 100 frames (3
seconds) of REVEAL imagery. They clearly show tBeshapes of a 105-mm atrtillery shell, as
well as man-made clutter consisting of anchor chaks and a section of PVC pipe, all laying
on coral rubble. The vertical relief of the shelaccurate to £5 mm, despite the laser pulse
width being 7 nanoseconds. For a normal lidar, ghise width would yield a range resolution of
80 centimeters. Achieving 5-mm resolution with awentional lidar would require sensing at
33-picosecond time resolution, requiring very expensigels and electronics, and current
technology would still not achieve the high spatesdolution of REVEAL.

5.3 Shearography

This section presents the results of shearograptections from the frequency surveys. The
most significant experimental conditions are listethe figure captions along with a reference
to the experiment’s raw data identifier. The owlof the target emplacement is drawn in orange
for reference and to aid in comparing fringe paseat different depths.

The main purpose of the shearogram examinatiortevaisually recognize revealing patterns
that indicate buried objects. All shearograms ftbendata collect were visually inspected and
images of interest were validated by other personne
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Figure 20. Top-down view of a final REVEAL elevatbn map. The UXO target was an
orange shell on natural background imaged throughte sea surface.

in G

ralative distance

T | | | |

200 150 100 50

Figure 21. Profile (side) view of the ratio output The scene is the same as in Figure 20.
This view enables easier visualization of the actuheight of the sample targets.
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SERDP 127mm Shell 1in Moist  Spkr 0, Shr +90 90Hz SERDP 127mm Shell 1in Moist  Spkr O, Shr 0, 100Hz

L

100 mm

Figure 22. Shearogram of Shell, Depth = 1.5”, Freq Figure 23. Shearogram of Shell, Depth = 1.5”, Freq.
=90 Hz, Shear = Vert, Speaker = 0 deg. =100 Hz, Shear = Hor, Speaker = 0 deg.

(Exper. 100323c_Run06_0304) (Exper. 100323f_Run07_0506)
‘ SERP 127mm Shell 1i Moist  Spkr +45 Sh_45 110Hz SERDP 127mm Shell 1in Moist  Spkr 5, Shr +45, 120Hz

100 mm

Figure 24. Shearogram of Shell, Depth = 1.5”, Freqe  Figure 25. Shearogram of Shell, Depth = 1.5”, Freq.
110 Hz, Shear = —45, Speaker = +45 deg. =120 Hz, Shear = +45, Speaker = +45.
(Exper. 100324b_Run08_1011) (Exper. 100324d_Run09_0405)

Both in the natural environment (the beach at E8lmForce Base) | Fringe-Enhancement
and in the Waikele tunnel tests, shallow-burie8-iin shells Pre-Processing
showed distinct shearogram fringe patterns. I
Fringe-Pattern
The primary challenge to using shearography for U@ection is Detection
developing robust, automatic detection image-prsiogs Because "
Shearography is a new counter-ordnance technigoeggsing
strategies have not yet been developed to optithe@rocessing
and minimize human-in-the-loop effort. Identificatiand
classification of targets in shearograms is a rafiétp process, Figure 26.Shearogram
sketched irFigure 26: the fringe patterns must first be enhanced, 4nalysis processing flow.
then detected, and then the detected patternslbraudtaracterized.

Fringe-Pattern
Characterization
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8|

SERDP 127mm Shell 3in Moist  Spkr 0, Shr 0, 110Hz SERDP 127mm Shell 3in Moist 45, Shr —45, 110Hz

~ 100 mm ;<100 mm

Figure 27. Shearogram of Shell, Depth = 3", Freq. = Figure 28. Shearogram of Shell, Depth = 3", Frec:
110 Hz, Shear = Hor, Speaker = 0 deg. 110 Hz, Shear = —-45, Speaker = +45 deg.

(Exper. 100324m_Run08_0203) (Exper. 100324r_Run08_0203)
SERDP 1'27m ell 3in Moist  Spkr +45, Shr +45, 110Hz SERDP 127mm Shell 3in Mist Spkr -45, Shr -45, 110Hz

i,

S
- r—

100 mm 100 mm
Figure 29. Shearogram of Shell, Depth = 3", Freq. = Figure 30. Shearogram of Shell, Depth =3", Freq. =
110 Hz, Shear = +45, Speaker = +45 deg. 110 Hz, Shear = —45, Speaker = —45 deg.

(Exper. 100324t_Run08_0102) (Exper. 100324x_Run08_0809)

The first step is enhancement of fringe patterAse imagery itself is monochromatic, and
potential targets (i.e., fringe pattern areas) diodiffer from the background in either amplitude
or variance, but only in the fine-scale distributiaf a pixel values within the target region.
Thus, identification of potential targets requir@sntifying local regions in which the
distribution of values differs from the background areas.

One approach is to run a low-pass or band-pass @it the shearogram, with an appropriately-
sized convolution kernel. This will render backgnd (fringeless) regions more uniform, while
preserving the local intensity distributions witliimges. In addition to low-pass filtering, a
normalization step is useful to remove local vasiad in illumination and background
reflectance throughout the scene. This is impoftarequalizing the strength of fringe signals
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so that fringes can be reliably detected througkimeiimage. Work remains to be done on
automating the filtering and improving this normzalion step, including how to reference a
“standard” illumination for each portion of the igeg what normalization math is most effective,
and whether results are improved by normalizingteebr after low-pass filtering.

Once filtering and normalization have been perfatnitis necessary to identify the fringe
patterns. At this stage of processing, fringegoatt will be areas that are darker and lighter than
the mean image intensity. This provides severssite means for detecting fringes, including
creation of local mean filters, local variancetefis, and local SNR filters.

Once the fringe-containing regions are segmentadsification is possible. Since fringe
morphology depends both on inherent target morgyoland on extrinsic factors such as soll
properties and sensor characteristics, charactiemzaf target morphology must rely on those
features of the fringe pattern that are independenbn-target properties. Two such features
would be size and shape (e.g., aspect ratio) dfitlge pattern. Here research involves refining
and optimizing the pre-processing filtering stepined above, and then developing
morphometric characterization algorithms to prodwtable measures of target shape and size.

The processing suite described above is outsidsdbge of MM-1630, but is being undertaken
for ONR-sponsored counter-ordnance programs. Grealgorithms are available, their
modification and extension to UXO detection will &teaightforward.

Equipment Limitations Uncovered in Testing

Though we tested the shearography system for bettamd water-covered sand, we only
obtained usable speckle fringes when therensaganding water on the surface. We traced this
to the interplay of the limited coherence lengthhe laser and the index-matching effect of
silica sand in water. By allowing the laser lightdetter-penetrate sand, a greater range of
distances was sampled by the reflected laser b&nte the coherence length of the laser used
in the test was short, sampling multiple rangesifiemeously led to a scrambling of phase
information in a way that was not retrievable. A@adary source of phase scrambling was the
water-surface ripples, which evolved significardiyer the time between laser pulses. The
solution being implemented for the ONR progranvisipgrade the system to use a long-
coherence-length laser, and operate it at a repetite higher than the frequencies
characteristic of surface-wave dynamics. Unfortalyaimplementing these solutions and re-
testing versus UXO is outside the scope and fundamgtraints of project MM1630.

26



BAE SYSTEMS

6.0 Information Fusion and Automation

The greatest benefit to these results would beimbkening the MSI spectra and edge detection
output with imagery from REVEAL, shearography, tiner detection modes. Both REVEAL
and shearography give indications that there aremmade targets of interest in an area, while
the edge detection has the potential to outlinedtiargets and assign spectral characteristics.
While any individual detection mode may have at@diSignal-to-Noise and Clutter ratio, the
fusion can yield false-alarm rates much lower thay one sensing mode.

The next steps to turn the fused REVEAL and MShietogies into a robust system for
counter-ordnance applications include:

* Automated shape detection,

» Classification of shape (both 2D and 3D), spectramd range information into objects,

backgrounds, and textures, and

* Automated identification of unnatural objects dkirest.
While these are necessary tasks, the scope otdigation and algorithm refinement required
are outside the scope of MM-1630, which was tas&edst existing technologies developed for
mine-counter-measures programs. Once a robustemonne application suite and concept of
operations is available, revisiting UXO detectiom &lassification will likely be productive.

7.0 Conclusions and Future Direction

MSI and REVEAL Methodologies for Proud and Partially-Buried UXO

Together, MSI and REVEAL provide 4-dimensionald{ensions of space/shape and
limension of spectrum). Collection of informatiarffcient for human-in-the-loop detection of
proud ordnance on the sea bottom is feasible wigh &#hd REVEAL methodologies, but clutter
rejection and automated processing still need tddmeonstrated. The primary challenges will be
the automation of the processing, which will requitore data collections and algorithm
development. In addition, the deployment stratefyms various platforms (aircraft, surface
vehicles, and unmanned underwater vehicles) nebd tieveloped.

Because the optical systems are potentially vemypaxt, and can work from above the surface,
they are most suitable where sonar is unavailabpeablematic, such as in extremely shallow or
highly-stratified water. Since the constraints ahencountermeasures are likely to be very
different from those of UXO remediation for thedatfprms, we recommend that separate UXO
testing and development be undertaken for MSI aBdEAL either individually or in
combination.

Shearography for Terrestrial Buried UXO

Shearography has been proven for land-based ming@mneasures use, and the preliminary
data for detecting buried artillery shells are piging, as shown in Figures 22-30. They key
limitations are extending the thickness of soilgtested by using improved acoustic projectors,
and automating the detection and classificatiocgssing. Both these challenges are outside the
scope of MM-1630, but are being addressed by ONigrams. Once the improved acoustic
projectors and algorithms are available, we highommend that the improved technology also
be tested versus non-mine UXO.
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Shearography for Underwater Buried UXO

Shearography is aimed at solving the most-difficolinter-ordnance problem: buried ordnance
underwater. Unfortunately, the available sheardyyaystems had hardware limitations which
precluded penetrating water-covered sand. The medjtechnological fixes are outside the scope
of MM-1630, but are being implemented under the AMiRled mine-countermeasures program.
Once the new shearography system is available astden tested versus mines (projected to be
complete in 2011), we highly recommend that it ddedested versus non-mine UXO.
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