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ABSTRACT: In recent years, several sonars designed for high-resolu-
tion, short-range underwater imaging have been developed. These
imaging systems use an acoustic lens to focus the incoming waves
on an array of transducers. In this article we describe three prototype
systems that use a line-focus or a point-focus lens and operate at a
frequency of 300 kHz or 3 MHz. The line-focus lens produces two-
dimensional (2D) intensity images, while the point-focus lens pro-
duces 3D intensity images. We present sample images taken from
moving and stationary platforms, and discuss the techniques used
for processing the acoustic backscatter data to reconstruct and visu-
alize the scene. The images, particularly those taken with a point-
focus lens, show a remarkable degree of detail. © 1997 John Wiley &
Sons, Inc. Int J Imaging Syst Technol, 8, 377-385, 1997
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. INTRODUCTION

In recent years, we have developed and tested several imaging
sonar prototypes for high-resolution, closeup, underwater im-
aging. These imaging systems are designed to provide centimeter
resolution from distances of a few meters for such applications
as identifying objects, inspecting pipes and ship hulls for damage
or barnacle buildup, etc. Although acoustic imaging has lower
resolution than optical imaging, these sonars are particularly use-
ful for imaging in turbid water, where cameras and lasers fail at
short ranges. Also, these sonars are designed for use as diver-
held imaging systems (or for mounting on small platforms); thus
they must be compact and lightweight and consume little power.
To satisfy these requirements, we have investigated the feasibility
of imaging systems that use acoustic lens for beamforming. This
eliminates extensive beamforming electronics used in the more
conventional sonars.
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The imaging systems have a foca plane, or reting, populated
with a large array of transducer elements. There are two basic
approaches to beamforming. The first is the phase-change-only
method that assumes the signal is a sinusoidal pulse that is long
enough to be present at al elements in the array smultaneously.
This technique adjusts the phase of each element’s sigha based on
an assumed direction and then adds the adjusted signals. If the
acoustic wave is coming from the assumed direction, the adjusted
signals will add coherently, and a large output will be present. If
the signal is coming from another direction, the additions will not
be coherent and the output will be small. The second is the delay-
and-sum method, which makes no assumptions about the wave-
form's type or length. This technique smply delays and sums the
outputs from each element. The computationa requirements of the
two approaches are similar, but the delay-and-sum approach re-
quires additional memory for storing signal segments. The advan-
tage of delay-and-sum approach is that it can obtain better range
resolution, since the signds can be short or have a wide bandwidth
not acceptable to the phase-change-only approach. The delay-and-
sum method is generaly preferred by those working in acoustic
imaging with two-dimensional (2D) arrays, e.g., [17].

An acoudtic lens is a delay-and-sum beamformer in which the
delays and sums are accomplished by the refraction and concentra-
tion of acoudtic rays induced by the curved surfaces of the lens. A
transducer array is till required, but each array senses a preformed
beam from a specified direction. If 10* beams are wanted in paralld,
then the array would have 10* elements regardless of the resolution
desired. Typically, images require that the echo intensity from each
transducer element be mapped to the corresponding pixel. Since
each transducer element senses a preformed beam, the electronics
need to retain only the amplitude information before digitization.
This allows, for example, for 1-cm range resolution, a sampling rate
of about 75 kHz versus 40 MHz for digita beamformers. Also,
while an acoustic lens uses no power for beamforming, an electronic
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delay-and-sum beamformer must perform billions of operations (ad-
ditions and multiplications) for a typica image. Thus, the acougtic
lens eliminates much of the beamforming electronics and the associ-
ated power consumption. However, there are several chalenging
problems in building an acoustic lens. The focal plane must contain
a large aray of densdy packed transducer elements. The design
and fabrication of such afocal plane, while keeping side |obes down,
is difficult. Moreover, the lens must be designed so as to have
minima off-axis aberrations, and be made of materials that absorb
or reflect the acoustic rays as little as possible to yield a good signal-
to-noise ratio. Also, the focal length must be short enough to keep
the size of theimaging system small. In this article we discuss three
of the lens-based imaging systems we have developed, and present
sample images. This article is a summary of efforts over severa
years, and is therefore not comprehensive. For more details we refer
to the following reports [2,3,9,16] and references therein.

The first system, described in Section I, has a liquid-filled
lenswith a2D hemispherical array of 300-kHz transducers, which
works in a manner similar to the eye. A single image from this
sensor lacks sufficient resolution for our purposes; hence, to com-
pensate for that we oversample the scene by mounting the sensor
on amoving platform. Thus, many snapshots must be taken and
combined. The second system, Section |1, has a solid lens with
a 2D flat array of 3-MHz transducers. (Actualy, it has a single
transducer, but the scanning mimics a 2D flat array.) These two
systems are point-focus sensors, where transducers have conical
beam patterns and the lenses are spherical. The collected data are
in the form of a 3D grid of backscatter intensity values, and we
discuss how they are processed and rendered to produce a 3D
image of the scene. The third system, Section IV, aso has a solid
lens but a 1D array of 3-MHz transducer. (This also has asingle
transducer, but the scanning mimics a 1D array.) The transducer
beam pattern is fan shaped and the lens is cylindrical. Together,
they form a line-focus sensor that produces 2D intensity images
or shadowgrams. Because the fabrication of 2D transducer arrays
is a challenging task, we considered this sensor to investigate the
tradeoff between image quality and ease of array fabrication. In
Section V, we discuss our conclusions and future work.

Il. POINT-FOCUS LIQUID-FILLED LENS

The first imaging system prototype designed in this work is a
sensor that operates in a manner analogous to the human eye. It
is aliquid-filled lens which consists of a thin, hemispherical shell
and afocal plane, or retina, containing small ceramic transducers.
Here, we give a brief description and refer to [ 2] for more details.
The lens retina is populated with transducers in eight rows of 16
elements each. The transducers in each row are separated and the
rows staggered to produce 1.5° resolution beams at the —3-dB
points in both azimuth and elevation. The hemispherical retinaand
the acoustically transparent hemispherical lens window together
form a cavity which is filled with a fluid. The fluid has a speed
approximately 60% of the sound speed in water and refracts the
sound entering the window to focus on the retina. The small num-
ber of transducers is due to the difficulty of fabricating a curved
2D array. This lens has a field of view of 48° in azimuth and 12°
in elevation. Its operating frequency is 300 kHz, which corresponds
to awavelength of 0.5 cm in water. Each beam has a conical beam
pattern for transmit and receive. The range bins, defined by the
received time delays, are about 10 cm. The sensor maintains focus
in an ambient temperature range that spans 13°C without having
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Figure 1.

Picture of the 1.6-m-long ROV.

to change the lens fluid. Data are both recorded within the lens
unit and sent topside to a PC for real-time graphical display.

This system has a resolution of 25 cm a a range of 10 m;
thus, a single scan produces a sparse sample that cannot resolve
centimeter-size features. To obtain ahigher-resolution image, over-
lapping samples are needed. Hence, the sensor is mounted on a
platform and is passed slowly over the scene while it pings and
acquires data. In the active mode, a row of transducers on the lens
retina simultaneoudly emit a pulse and then receive and record the
energy of the backscattered waves. Typically, one ping-cycle of
the sensor is 1 s long. In a tow tank experiment, the sensor was
mounted on a moving carriage and passed dowly along the tank
over a 1.6-m-long remotely operated vehicle (ROV) (Fig. 1) sit-
ting on the tow tank floor. This was repeated four times with the
ROV placed at different angles (the nomina angles between the
ROV axis and the sensor path were 0°, 30°, 60°, and 90°). Figure
2 shows 3D volume rendered images obtained from the four single
passes. Images are rotated to correspond to the same pose as in
Figure 1. Note that the closest viewing distance was 8 m. Also
note that the sensor resolution at this distance is only about half
the size of the ROV’s head. Below, we describe how these image
are generated.

Data acquired by this sensor are the acoustic backscatter en-
ergy from within volume elements, or range bins, shaped like a
sliced cone. The range bins vary in size and may be irregularly
positioned in space, because the sensor moves. To reconstruct
the scene, we represent the space with a regular grid of small
cubic volume elements, or voxels, and estimate the backscatter
from each voxel. A high voxel value indicates the presence of a
surface. This is done in two stages. First, since each range bin
intersects several voxels, its backscatter must be distributed
among them. Second, avoxel may be ensonified by several beams
resulting in different estimates which must be combined to yield
asingle value. Algorithms for distributing returns involve model-
ing the beam patterns and computing range bin intersections with
voxels. Thisis conceptually straightforward but can be computa-
tionally intensive. Algorithms for combining estimates are non-
trivial because we have to deal with occlusions, partia illumina-
tions, and differences in angle of incidence, particularly if the
sensor or object is moving. See [10] for more details.

Having obtained a 3D gray-level image, we must find a way
to see the object of interest through the fog of ambient noise. How
best to enhance and visualize the object is also a topic of ongoing
investigation. There are two main approaches to visualizing 3D
scalar data: volume rendering and surface rendering [5,11]. In



Figure 2. Volume rendered 3D images of the ROV taken in four
different passes.

volume rendering, we assign to each voxel a color and a partia
transparency, and then form images by blending together colored
semitransparent voxels that project to the same pixel on the image
plane. In surface rendering, we first apply a surface detector to the
volume data, then tile the surface with polygons, and finally render
the surface. The main drawback in surface rendering is that we
have to classify each voxel as belonging to a surface or not. Its
advantage is in rendering speed, particularly if we want to rotate
the computer generated image of the scene and view it from differ-
ent angles. This is because the surface voxels are determined and
tiled with polygons only once. Rotating and rendering the recon-
structed surfaces for subsequent views reguire little additional CPU
time. In volume rendering, however, when the view direction is
changed all the computations must be repeated anew. Nevertheless,
more efficient and clever ways of volume rendering are being
developed and tested [1] . Also, diasing effects, which commonly
appear in surface rendering of digitized surfaces [13], are less
pronounced in volume rendering [1] .

In our experience, when data are of high resolution and relatively
clean, surfaces can be reliably detected and reconstructed, and sur-
face rendering produces satisfactory 3D images. However, in cases
where the resolution is not sufficiently high and the data are further
blurred by sensor motion, volume rendering appears to produce
better images. This is mainly because surface detection becomes
lessreliable. Imagesin Figure 2 were obtained by volume rendering.
Before the scene is actually rendered, it is thresholded and filtered
S0 as to remove isolated voxes cluttering the view [10].

Scene resolution may be further enhanced by combining sev-
eral different data sets of the same scene. However, the data sets
must first be registered; otherwise, the scene will become blurred
and distorted. We have developed algorithms based on 3D mo-
ment matching that perform scene registration with enough accu-
racy to significantly enhance the resolution [10]. Figure 3 is the

result of registering and combining the data taken in the four
passes shown in Figure 2. Note that such details as the valve on
the ROV side and the strobe lights and cameras on the head begin
to emerge as bumps in the right positions.

In these experiments, we have seen that it is possible to obtain
higher-resolution images (higher than the sensor resolution) by
moving the sensor to collect overlapping samples and compound-
ing them. We have also seen that data from multiple passes can
be registered accurately and combined to further improve the
scene resolution. However, data acquisition and processing in
this manner is time-consuming. In addition, scene compounding,
if it isto be done reliably, requires fairly accurate sensor position
information—a luxury that may not exist in most situations. An
acoustic snapshot taken by a stationary sensor with higher resolu-
tion would be more practical.

lll. POINT-FOCUS SOLID LENS

To obtain images higher in resolution than those obtained by the
liquid-filled lens, we have to use a focal plane more densely
packed with higher-frequency transducers. In this design, we con-
sider a2D array of 3-MHz transducersin aflat focal plane (easier
to fabricate than a curved retina) and a solid lens. Here, we give
a brief description of the imaging system and refer to [8] and
[16] for more details. In thisimaging sonar, beamforming is done
with a biconcave solid lens made of crystal polystyrene. This
lensis lighter than the liquid-filled lens discussed in the previous
section, and maintains focus over a wider temperature range. At
the on-axis foca point behind the lens, there is a single 3-MHz
transducer element 3 mm in diameter. Together, the element and
the lens form a conical beam with 0.15° resolution between the
—3-dB points at the target distance. The wavelength is about 0.05
cm in water; thus, for imaging centimeter-size features, one can
use ray optics for lens design. To obtain an image, the system

Figure 3. A 3D image of the ROV after registering and combining
the four passes shown in Figure 2.
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mechanically scans and interrogates the object at regular intervals
(typicaly 0.5 cm) from left to right and from top to bottom. This
scanning strategy requires a few hours to produce an image, but
it mimics an ideal lens with a large flat focal plane populated
with some 100 X 100 transducers, obviously with no aberration
and no cross-talk among the elements. To speed up image acquisi-
tion, mechanical scanning must be replaced by a focal plane
populated with many transducers. However, for the single ele-
ment lens used here, this will result in significant off-axis image
distortions. Techniques for reducing aberrations through com-
pound lens design, together with innovative scanning strategies,
are currently under development.

The cross-range resolution of thisimaging system is about 0.5
cm at adistance of 2 m. The down-range resolution is determined
by the sampling rate of the echoes, typically 75 or 150 kHz,
which correspond to about 1 or 0.5 cm, respectively. Thus, an
image taken with a stationary system from a distance of a few
meters should be capable of resolving features smaller than 1 cm.
The backscatter data from this imaging system are in the form
of a 3D (cross-range, down-range) grid of values. The data are
typically of high quality with fairly low noise. To reconstruct
and visualize the scene, we perform the following operations.
First, we transform the data into a 3D rectilinear grid of cubic
voxelsusing linear interpolation (thegrid istypically 1002 large).
Then we apply a surface detection algorithm to label voxels as
surface or not. Then we construct a surface by tiling it with small
polygons, and finally render the surface to obtain a 3D view of
the object. There are anumber of approaches to surface detection.
These include traditional gradient-based techniques, e.g., [12],
or more novel physics-based techniques based on surface particles
that diffuse through the image field and/or interact with each

Figure 4. Photograph of the plate with four circular substructures.
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Figure 5. A 3D surface rendering of the plate, from point-focus lens
data, taken as the plate faces the lens.

other, eg., [18]. The latter are relatively slow and are typically
used for interactive surface detection. In thiswork, we used gradi-
ent-based surface detection algorithms. (Taking the first maxi-
mum return along each beam leads to similar results.) For render-
ing the polygon-tiled surfaces, we used Phong shading, which
gives the objects a realistic appearance [11].

We present a sample of images taken with a stationary point-
focus lens in a test tank. The scenes include objects either sus-
pended in water or resting on a sandy bottom. Figure 4 is a
photograph of one of the objects used in the experiments. It is a
circular plate (45 cmin diameter) with four circular substructures
(ranging between 10 and 18 cm in diameter) as well as four ribs
(0.6 cm wide by 8.5 cm high) perpendicular to the plate. Figure
5 is the surface-rendered acoustic image of the plate. The plate
is suspended in water while directly facing the lens. Note the
remarkable degree of detail that can be observed in this image:
the small hole in the bottom-left quadrant, the rivets, and even a
hint of the three bolt heads on the handle holding the plate.

Figure 6 is also a surface-rendered image of the plate sus-
pended in water, while facing the lens at a 30° angle. Because
the plate makes an angle with the lens axis, the angle of incidence
is not favorable and the returns are weaker. This resultsin aless
accurate surface detection, and hence anoisy appearance in which
some of the details become difficult to discern. This noisy appear-
ance can be improved by applying a set of filters to the 3D data
before surface rendering (Fig. 7), where certain details such as
rivets and bolt heads can now be discerned. The filtering consists
of aseguence of filters: alow-passfilter, ahigh-frequency empha-
sis (HFE) filter, and a median filter. The low-pass filter removes
some of the noise; the HFE filter enhances small protruding fea-
tures while filling small holes; and the median filter cleans up
certain artifacts produced by HFE filter, such as transforming a



Figure 6. A 3D surface rendering of the plate, from point-focus lens
data, taken as the plate is tilted with respect to the lens.

single surface to a doublet [9]. Note that small-scale features
appear fatter than they really are, e.g., the ribs.

Figure 8 is a photograph of another object used in the experi-
ments. It is a section of a cylinder (47 cm in diameter) with a
recessed well (18 cm in diameter and 10 cm deep) that has eight
hexagonal nuts (1.9 cm in diameter) and bolts. Figure 9 is the

Figure 7. Results of filtering the reconstructed surface shown in
Figure 6.

Figure 8. Photograph of the cylinder with a recessed well.

surface-rendered acoustic image of this object while suspended
in water. The object was in a pose where the well bottom directly
faced the lens. Note that not only all the bolt/nut combinations
clearly stand out, but that even certain bolts and nuts can be
distinguished from one another. The noisy appearance of the
cylindrical part is because of weak returns due to unfavorable
incidence angles, as well as aliasing due to scene quantization.
Figure 9, as well as others above, were obtained in a mono-
static imaging mode, i.e., each transducer is used to transmit and
receive, which requires the transducers to be relatively large to
put out enough power. If the image plane transducers are used
only to receive, then they can be made smaller, which makes the
fabrication of the 2D transducer array less difficult. Figure 10 is
a sample image that shows the quality of the bistatic (receive
only) imaging mode. The original data are more noisy than its
monostatic counterpart (Fig. 9) and is filtered prior to rendering.
This image aso shows the hollow metallic bar used to suspend
the cylinder in the water tank. From our experiments, it appears
that monostatic imaging mode provides higher-quality images.
In other experiments, we placed objects on a sandy bottom in
a water tank. Figure 11 is the photograph of one of the objects
used in these experiments. It is a 14-in-long cylinder with a
diameter of 9 in, with one end open and the other end closed.
The cylinder has two sets of six hexagonal nuts (diameter of 3
in and height of 2 in) and bolts, and a 2-in-tall fin. Figure 12
shows different visualizations of the acoustic backscatter data
from the cylinder. The lens is 30 in above the floor and 60 in
from the objects, and is looking downward at a 20° angle. The
top panel of Figure 12 is a traditiona 2D range image: bright
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Figure 9. Two views of the same 3D acoustic image of the cylinder
in Figure 8, taken with the point-focus lens as the recessed well was
facing the lens. The object is suspended in the water tank.

indicates near, while dark indicates far. The range image is ob-
tained by taking the first strong return (first maximum return
above a threshold) along each beam. The body of the cylinder
as well as the fin and the nuts on top can be seen, while the nuts
on the side are not visible. The top portion of the cylinder is also
not visible because the angle of incidence is nearly tangential.
The middle pandl isan acoustic photograph, where the backscatter
intensities along each beam are integrated. In thisimage, the nuts
are visible because they form concave corners which are strong
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Figure 10. A 3D surface rendered image of the cylinder in Figure 8,
taken with the point-focus lens (used in bistatic mode) with the recessed
well facing the lens. The object is suspended in the water tank.

reflectors. Also note the image of the bottom in the cylinder and
vice versa. The bottom panel of Figure 12 is a surface rendered
3D image of the scene filtered in a manner similar to Figure 7.
Note that the nuts on the side of the cylinder are now clearly
visible, albeit larger than they redlly are.

In the case of an object on the bottom, the surface reconstruc-
tion for 3D rendering is complicated by interreflections between
the object and the bottom. This object/bottom mirror effect pro-
duces phantom surfaces that appear behind the true surfaces. The
strength of these interreflections is typically comparable to direct

Figure 11. Photograph of the foot-long cylinder with two hexagonal
nut patterns and a fin.



Figure 12. Acoustic images of the foot-long cylinder on a sandy
bottom taken by the point-focus lens: range image (top); intensity
image (middle); a surface rendering of range data filtered so as to
enhance smaller features (bottom).

reflections from surface patches facing the lens, and is often
stronger than reflections from surface patches at an angle with
the lens axis. Therefore, a surface detection algorithm could de-
tect these phantom surfaces while missing some of the true sur-
faces. We have found that taking the first maximum return (above
a threshold) along each beam as the surface location and dis-
carding the remainder of the beam can avoid this problem to
some extent. However, it may happen that the return from atrue
surface patch with an unfavorable pose is not strong enough to
be detected; hence, the range image will be amixture of (mostly)
true and (some) phantom surfaces, and thus appears noisy. The
range images shown here were obtained in this manner.
Experiments were also conducted in a test tank, where objects
with small bolt patterns and ribs, e.g., Figure 4, were imaged
from a distance of about 2 m under various levels of turbidity.
The results show that the images are not degraded by the mud

and silt commonly found in shallow water. Some degradation
occurs at high levels of suspended sand [8].

IV. LINE-FOCUS SOLID LENS

Fabrication of 2D transducer arrays, the associated electronics,
and the interconnection between them is a challenge. Therefore,
we also considered an imaging system consisting of a 1D array
with a line-focus lens to investigate the tradeoff between image
quality and fabrication ease. In this section, we give a brief de-
scription of the imaging system (see [3] for more details) and
present sample images.

In this imaging configuration, beamforming is accomplished
with asolid cylindrical lens made of crystal polystyrene. A curved
transducer element 2 mm tall by 6 cm long is placed at the on-
axis focal point behind the lens and is resonant at 3 MHz. The
lens has an anechoic rubber coating with a 0.57-cm dlit to block
azimuthal side lobes. Together, the element and lens form a fan
beam 0.17° in elevation and 4° in azimuth at the —3-dB points
a the target distance. To obtain an image, the system mechani-
cally scans and interrogates the object at 0.35-cm intervals top
to bottom and 7.8-cm intervals left to right. (Scanning at 7.8-cm
intervals was done because the 4° beam was not wide enough to
ensonify objects of interest in their entirety.) This scanning pro-
cess typicaly takes 15 min but simulates a lens with good off-
axis performance coupled with a 150 X 7 element array with no
interelement cross-talk. This system, in effect, interrogates a line
(a thin stripe) on the object plane and records the backscatter
intensities. The cross-range (elevation) resolution is a function
of beamwidth, while the down-range (azimuth, time delay) reso-
lution is a function of sampling rate of backscatters in time.

The line-focus imaging system mimics a vertica array of
closely packed transducers with abeam that is narrow in elevation
and wide in azimuth. Displaying the data taken with this system
is straightforward. The fan-beam data are the backscatter energy
as a function of azimuth and elevation, which can be naturally
represented as a 2D gray-scale image. To do so, we form a
regular rectilinear grid (or apolar grid, depending on the scanning
strategy used), appropriately scaled so that down-range and
cross-range have identical dimensions. The acoustic backscatter
energies are digitized to the usual 8-bit gray-level range, i.e., 256
discrete values. For the data sets in which the cross-range and
down-range are sampled at different resolutions, the grid size is
selected to be the smaller sampling interval. We use a bilinear
interpolation to fill in the grid sites from neighboring points.

Figure 13 shows the image of the plate (Fig. 4) suspended in a
water tank, at three different angles of incidence. The angle between
the ensonification direction and the normal to the plate is, respec-
tively, from top to bottom, 30°, 45°, and 60°. In these images, the
vertica axis is crossrange and the horizontd axis is down-range.
The images are taken from a distance of about 1.2 m. These images
show the general shape of the object as well as a significant amount
of detail. Note, for example, the bolt heads used to attach the plate
to the bar, and the rivets in the upper right quadrant of the plate.
Also note that in the 30° image the details of the structure in the
lower right quadrant are visible, while in the 60° image the hemi-
spherica feature in the upper left quadrant, including the holes, can
be discerned. Those patches with surface normals paralld to the
illumination direction produce the strongest returns and appear
brightest in the image. These include corner reflectors, bolt heads,
rivets, cylindrica pipes, etc. The vertical bright line present in the
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Figure 14. Fan-beam image of the cylinder with the recessed well
facing the lens. The object is suspended in the water tank.

bottom of dl the three images is due to strong returns from the
concave wedge formed by the rib and the plate. Also note the
reverberations of the hollow bar attached to the top of the plate,
which appear as a series of high-intengity lines parald to the tube
and spaced at regular down-range intervals.

The low-intensity contrast in these images is enhanced by a
nonlinear scaling of the average intensity to the middle of the
gray-level range, i.e, to 127. A logarithmic scaling of the intensi-
ties produces a similar effect. These images can be further en-
hanced through a number of standard 2D image-processing tech-
niques (e.g., [14,15]). The clarity of these images is clearly not
as good as those obtained by the point-focus lens, partly because
the returns are averaged over a wider angle. Furthermore, inter-
pretation of these images is made more complicated by the ap-
pearance of phantom surfaces caused by interreflections among
object features that produce concave surfaces. Interreflections
have a longer time delay than direct returns, and thus appear at
longer ranges blurring features that are farther from the lens.

Figure 14 shows the image of the cylinder (Fig. 8) with the
recessed well facing the lens, while suspended in a water tank.
The bottom of the recessed well and the bolt heads as well as
the mouth of the well are clearly visible.

We also did experiments by placing objects on a sandy bottom.
In these experiments, the images taken with the line-focus system
show only that something is there, but it is difficult to identify
the object. This is because the returns from the sandy bottom are
comparable to those from the object; and in particular, strong interre-
flections between the bottom and various object features produce
phantom festures that mix with true features, making the details
obscure and the object unrecognizable. For suspended objects, how-
ever, thisimaging system provides sufficient detail for certain tasks.
For example, a four-element line-focus system has been developed
and is currently being evaluated for ship hull inspection, for eventual
integration in an automated system for barnacle cleaning.

V. CONCLUDING REMARKS

Lens-based systems with 3-MHz transducers provide images that
have sufficient contrast and resolution to identify centimeter-size
features. The line-focus lens provides 2D images with adequate

Figure 13. Fan-beam images of the plate at three different angles of
incidence: 30°, 45°, and 60°. The object is suspended in the water tank.



contrast for objects suspended in water—that is, when interreflec-
tions between objects, or object and bottom, do not significantly
blur images. Indeed, a line-focus system has been developed for
ship hull inspection and is currently being tested. The point-focus
lens typically provides high-qudity 3D data which can yield vivid,
detailed 3D images of suspended objects as well as those on the
bottom. Therefore, it appears that an imaging system with a point-
focus lens will be most useful under genera field conditions.

The 3-MHz point-focus solid lens imaging system discussed
here has a single ceramic transducer at the focal point of the lens.
The images are acquired by mechanically scanning the scene,
which mimics a 100 X 100 transducer array. Thus, the resulting
images have no acoustical or electrical cross-talk noise among
the transducers, and no distortion due to off-axis lens aberrations.
They represent the limit of what can be achieved with such an
imaging system. Image acquisition, however, is far from real
time. To speed up image acquisition, complementary approaches
are currently under investigation. One approach is to populate
the focal plane with many transducers (in conjunction with com-
pound lens design to prevent off-axis aberrations), and the other
is to use innovative scanning strategies. For example, a 96-line-
focus beam system is already devel oped and being tested to inves-
tigate cross-talk effects on images. This, together with Mills cross
projection, approaches a point-focus result with a technology
slightly more complex than line-focus technology [ 3].

One of our goals is to develop a compact 2D array-based
underwater lens imager, or an acoustic video converter (AVC),
that would be capable of taking several images per second. To
this end, we are attempting to develop 2D array manufacturing,
signal processing, and interface electronics technologies. Several
approaches are under investigation drawing on technologies from
the medical ultrasound, infrared, and international defense com-
munities. For example, a particular design for the AVC, which
is expected to take images at a rate of up to 10 frames/s, has a
focal plane densely packed with an array of PZT 3-MHz transduc-
ers [3]. To cope with the massive amount of data collected by
such a system, the associated electronics is designed to detect
and transmit only the location and amplitude of the first strong
return (first maximum above athreshold) along each beam. This
reduces the data by two orders of magnitude, which makes pro-
cessing and displaying images manageable in real time. In our
work, we have seen that taking the first maximum aong each
beam produces images similar to those obtained by extracting
surfaces from the full 3D sampled data. There may even be an
advantage to taking the first maximum along each beam, since
interreflections between, say, object and bottom, which lead to
the appearance of phantom surfaces, are eliminated.

Depending on the AVC design, the image data will be range
only, intensity only, or range and intensity. The range image will
typically show the large-scale structure of the object, while the
intensity image will show strong reflectors even though they may
be small, such as corner reflectors (Fig. 12). In ether case, dis-
playing the image is straightforward. The electronics of the AVC
that can output range/intensity images is more complex. The ques-
tion of how best to make use of these two complementary images
is open. We are conducting experiments to determine this. The
possihilities include displaying both images side by side, or over-
laying the two images (e.g., a 2D image shaded by range and
colored by intensity), or texture mapping the intensity image over
a 3D scene reconstructed from the range data. There are many

techniques in the literature that may be used for reconstructing
surfaces from range image data, e.g., [4,6] . These techniques work
well for low-noise images. In noisy cases, they typicaly result in
smooth surfaces at the cost of losing small features. To suppress
range image noise while preserving small-scale features, we are
developing image-processing algorithms that exploit the intensity
information through shape-from-shading techniques [7].
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