Laser Systems and Structured Illumination for
Quantitative Undersea Imaging

ABSTRACT

Photography is one of the most widely accepted
and versatile methods of recording detailed
informaltion concerning the marine environ-
ment. Until recently, most of the information
has been qualitative or descriptive. The need
Jor more quantitative data has encouraged the
development of a number of new techniques.
Two early approaches to performing under-
water photographic measurements were to
introduce a metric scale or grid into the scene,
or to use a highly specialized stereo camera
system configured to produce stereo images for
later photogrammetric analysis. Underwater
stereo photogrammetry is a powerful technique
that allows noncontact measurement of many
parameters such as size, area, and. volume.
However, this method is not widely used
because it requires expensive and carefully cal-
ibrated equipment to record and analyze the
images; in addition the required analysis of a
large series of images can be very tedious.

This paper describes several recently
developed approackes that are being used by
underwater scientists and technologists to
improve the amount and quality of quantita-
tive data that can be obtained from convention-
al film-recording and video cameras. The use
of parallel lasers, which produce a pair of
small light spots of known separation on film
and video images, provides direct scale infor-
mation on the images. Additional lasers allow
calculations of range, orientation, area-of-cov-
erage and feature stze to be made. Structured
or nonuniform tlumination techniques pro-
vide vision systems with perspective data, and
collimated illuminators facilitate photographic
recording of particles within a known water
volume. These recently developed illumination
techniques are gaining increased accep-
tance for quantitative undersea imaging
applications.

INTRODUCTION

hotography has been used to study, sample,

and record deep-sea phenomena and pro-
cesses since the 1940s (Ewing et al., 1946;
Edgerton, 1963: Heezen and Hollister, 1971). As
an aid to obtaining quantitative information
about the undersea environment, photography
has had limited applications until the past 15
years. In the past. the quantitative use of photog-
raphy was limited to downward-looking cameras
in which a known altitude and angular field of
view provided area of coverage information.
This technique is still in use today (Rosman and
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Boland, 1986; MacDonald et al., 1992). Similarly,
if the height-above-bottom, inclination angle,
and field of view for a forward-looking camera
are known, a perspective grid can be generated
and superimposed on the image (Wakefield and
Genin, 1987).

Photogrammetry was adapted from its
original applications in topological mapping to
become a well-established technique for under-
water inspection and measurements (Schuldt et
al,, 1967; Wolf, 1983; Newton, 1984). This
method uses a pair of precisely mounted film-
recording cameras to record a stereo image for
later processing and analysis. A number of
video-stereo camera systems have subsequently
been developed, but until recently these have
been primarily used to provide the viewer with a
sense of telepresence rather than with quantita-
tive information (Kristof et al., 1988; Turner et
al., 1991).

In the early 1980s researchers at Woods
Hole Oceanographic Institution (WHOI) devel-
oped a structured illumination technique, which
photographically sampled marine snow in a
known water volume using a collimated illumi-
nation source (Honjo et al., 1984). This method
was a major improvement over the previous
approach which used the focus-limits and field
of view of a camera’s lens to define the photo-
sampled volume (Hamner, 1977; Hamner and
Carlton, 1979). The application of a well-defined
illumination volume has subsequently been’
widely adopted to measure the density and dis-
tribution of particles and organisms in the water
column (Tusting, 1986; Auster et al., 1989;
Tusting et al., 1989; Lee and Hall, 1989; Pilskaln
et al., 1991). More recently, multiple-beam laser
arrays have been used to provide structured illu-
mination of underwater surfaces, providing an
imaging system with the capability of measuring
orientation and surface shape (Caimi et al.,
1987).
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Low-power laser illumination systems,
configured to provide size and range informa-
tion, have been developed at Harbor Branch
Oceanographic Institution (HBOI) since 1985
and have been increasingly applied in undersea
photography (Tusting, 1986; Sebens, 1987; Caimi
and Tusting, 1987; Tusting and Caimi, 1988;
Auster et al., 1989; Tusting et al., 1989; Tusting,
1990). The use of a pair of parallel laser beams
that project bright spots on the seafloor in a
camera’s field of view has become a standard
photographic aid on many ROVs and manned
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submersibles. With this simple concept, absolute
size information concerning photographed
objects is readily available.

PHOTOGRAPHIC SIZE
DETERMINATION USING LASERS

ne of the most widespread uses of under-

water lasers is to provide an absolute size
reference in a photograph (Tusting, 1986; Caimi
and Tusting, 1987). A pair of lasers are mounted
side by side as in Figure 1 so that they project
parallel beams of light into a camera’s field of
view. The beams produce two small bright spots
a known distance apart on an intersecting sur-
face. By comparing object or feature size with
the spacing of the two light spots, absolute size
measurements in that plane, which are indepen-
dent of the camera-to-subject range and the
focal length of the lens, can be made. The use of

FIGURE 1. A pair of HBOI mini-lasers mounted on a bracket
to provide 10 cm spaced parallel beams.

FIGURE 2. Method of producing a pair of adjustable and closely spaced parallel laser beams.

50/50
Beam Splitter

Variable

Spaced

Parallel
Beam

Reflector
On Translational Stage

6 * MTS Journal = Vol 26, No. 4

this arrangement is especially beneficial when
using a video camera equipped with a zoom lens.
If a fixed-focal-length lens is used, the parallel-
beam lasers also provide a direct measure of the
distance from the camera to the subject (Tusting
et al., 1989).

Paired lasers in the configuration of
Figure 1 are routinely used on a number of
manned and remotely operated vehicles operat-
ed by HBOI, the Monterey Bay Aquarium
Research Institute (MBARI), Texas A&M
University, The University of Connecticut, and
others. The underwater lasers shown in Figure 1
are equipped with safety shutters that allow
emission only when the lasers are submerged
(Tusting et al., 1989). A pair of Harbor Branch
mini-lasers was successfully used on projects by
marine geologists from the Lamont-Doherty
Geological Observatory and from the Bedford
Institute of Oceanography to quantify photo-
graphed features of the ocean bottom (Bender et
al,, 1989; Schafer et al., 1990; Steeves and
Schafer, 1991). The first project utilized a deep-
towed vehicle and the second used the Canadian
Institute of Ocean Sciences ROV-5000. The
lasers mounted on the Lamont-Doherty towed
vehicle were pointed vertically downward; in
addition to providing absolute scale information,
they also supplied the vehicle operator with a
visual bottom contact at an altitude of over 10 m
using the vehicle’s low-light, silicon intensified

target (SIT) camera.

Variations of Two-Beam Laser Systems

A number of variations to the two-
beam, parallel-laser scale have been proposed
and implemented. For small-scale measurement
and inspection tasks, the approach shown in
Figure 2 is appropriate (Tusting, 1990). The
beam splitter and motorized mirror, calibrated
to provide parallel distance information, pro-
duce a pair of closely-spaced parallel beams
which can be projected onto a surface to pro-
vide noncontact calipers.

Engineers at MBARI have developed a
green laser calibration system using 1.5 mW He-
Ne lasers which emit at a wavelength of 543 nm
(Etchemendy and Davis, 1991). These lasers are
significantly larger and more expensive than the
more common red-orange He-Ne lasers (633
nm), but they have two significant advantages.
First, many of the underwater objects to be pho-
tographed, and their background scenes, have
greater reflectivity for green light than for red.
Therefore, for many photographic situations,
green light spots are easier to detect than red
ones. Second, for relatively clear water, the
attenuation loss is much lower at 543 nm than it
is at 633 nm. Improved transmittance is particu-
larly significant for ranges greater than 5 m.
Compact, frequency-doubled, solid-state lasers




are available which emit green light at 532 nm.
These have been successfully used in a number
of underwater imaging and measurement sys-
tems and would be excellent candidates for
laser calibration systems except for their high
costs (= U.S. $10,000 each). As the technology
matures, the cost of these lasers will decrease,
but for now they are too expensive for many
research applications.

Figure 3 is a photograph of a moderate-
range (approximately 5 m) underwater laser
assembly intended for deep-ocean applications.
It uses a 7 mW red-orange He-Ne laser with low
beam divergence and has a pressure housing
designed for operation to 6,000 m. The overall
length is approximately 61 cm, including the
patented safety shutter.

Two of these lasers were certified for
use on the DSV Alvin in 1991 and were subse-
quently used to provide metric scaling of objects
and features near the seafloor when used in con-
Jjunction with the externally mounted 35 mm
color still cameras, the black and white SIT
video camera, and a high-resolution, externally
mounted color video camera. These lasers were
used during several research cruises of Atlantis
II/Alvin during 1991 and 1992 to the East Pacific
Rise crest (Haymon et al., 1991) and Siqueiros
transform fault (Fornari et al., 1991) about 805
km south-southwest of Acapulco, Mexico
(D. Fornari and D. Foster, personal communica-
tions, 1991). The lasers were mounted on the
instrument rail above the pilot’s view port to
provide a 52 cm separation near the middle of
the field of view of the 35 mm still cameras. A
useful range of over 5 m was reported by the
pilots and scientists using this laser-sizing sys-
tem. Marine geologists also employed this sys-
tem to estimate fluid flow from hydrothermal
vents they were studying on the East Pacific
Rise crest in the 9° 45' to 52' N region
(D. Fornari, personal communication, 1991).

Laser Power and Beam Divergence

To be readily detected by an imaging
system, the projected light spots must appear to
be several times brighter than the adjacent
scene. Spot brightness is directly related to laser
beam power and inversely proportional to the
square of beam divergence (in addition to sever-
al other variables including scene reflectivity). A
practical lower limit to reducing beam diver-
gence is attained when the divergence is approx-
imately equal to the angular resolution of the
imaging system. For example, a video camera
with a telephoto lens that has 400 lines of hori-
zontal resolution and a 20° horizontal field of
view has an angular resolution of 20°/400 = .05°,
or 0.9 milliradians. For this case, a laser beam
divergence of approximately one milliradian is
adequate.

FIGURE 3. Photograph of a 7 mW underwater laser designed
for operation to 6,000 m.

Selecting an adequate beam power for
a particular wavelength, scene geometry, cam-
era, and lighting system is more complex and
will likely require some experimentation. A sim-
plified but useful approximation requires that
the laser beam intensity (in Watts/m?) at the
range of interest be at least four times greater
than the intensity of the photographic illumina-
tion, averaged over a 50 nm band centered at the
laser wavelength.

Multiple Laser Beam Measurement
Systems

The basic two-parallel-laser-beam
approach has been used to enhance vision sys-
tems on several manned submersibles, numer-
ous ROVs, and one towed photographic sled.
For some time it has been recognized that more
than two laser beams can provide additional
information to the viewing system. This is partic-
ularly useful for scenes that have vertical relief
within the field of view. Multiple beams provide
additional samples, which can be used to
improve the estimate of average range and to
obtain orientation and scale information over a
larger portion of the scene. Recent develop-
ments at HBOI utilize a scanning laser to con-
struct a three-dimensional map (Caimi et al., in
press).

An early application of the multiple-
beam concept to underwater sampling involved
illuminating the scene with ten divergent beams
in a fan-shaped pattern (Caimi and Tusting,

1986; Caimi et al., 1987). An improved version of
this system was designed and built which pro-
vided 30 individual beams so that additional
information could be obtained about scene relief
as well as its range and orientation (Caimi and
Tusting, 1990). This fan-shaped laser illumina-
tion system has been utilized to provide quanti-
tative photographic data on repetitive studies of
the seafloor in the Santa Maria Basin (D. Hardin,
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