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Summary 
     Underwater imaging presents many challenges in the fields of optics, optomechanics, and sensor systems.  Despite all the technological advances in optics and sensors, scatter remains one of the hardest problems to overcome, because of water’s extremely buoyant qualities—things can remain in suspension readily and scatter light.  This results in a very dark underwater environment so that artificial lights are usually mandated for successful imaging; but these also suffer from scattering, reducing the contrast available to the sensor.  A fairly advanced approach that has developed in the last 2 decades involves using a laser to illuminate a small spot in the target area.  This spot is raster scanned across the entire target area of interest and a sensor is slaved to sense the reflected light, similar in principle to a LADAR system but reflected energy is the metric instead of ranging (via timing the pulse returns).  This technique, referred to as an underwater laser-imaging system (UWLIS) has the potential for overcoming much of the scattered light problem, but introduces other challenges in optomechanical engineering.  The authors of this paper have been working on a system at Lawrence Livermore National Laboratory that is described in this paper.  A solid description of the apparatus is presented, however only qualitative results are presented, with several problems in the way the water treatments (which were supposed to closely simulate typical natural turbid water conditions) were handled and explained.  
Introduction
     The UWLIS device is eventually intended for use by Remotely Operated Vehicles (ROVs) performing deep underwater salvage operations.  The goal is to be able to perform imaging at a distance of 300 m, however the authors point out that even ranges of 60 to 80 m would enable tremendous savings in underwater operations.  

     Typical existing imaging systems for these applications consist of floodlights to illuminate the target with a variety of camera options.  The effective range of these systems is generally limited to about 2 attenuation lengths (AL) and they don’t really work when the common volume scatter variation (so called because the imaging cone from the camera and the cone of light from the illumination system share the same volume—causing scatter back into the camera system) exceeds the contrast of the target (and hence swamps the sensor).  With a laser system, there is a very small overlap length of the two beams, minimizing common volume scatter.  In theory, these systems can operate up to 7 AL and are practically limited by the amount of power available from the laser and the photon/electrical noise of the detector, as this paper shows.  The wavelength of the laser needs to be in the blue-green regime, as these are the least scattered wavelengths because of the path length—finding compact high power lasers in these wavelengths can be a significant challenge (especially in 1993).  The amount of power available and sensor sensitivity affect the amount of time for the sensor integration; this can affect the rate of scanning of the system and cause problems for video imaging types of speeds.  Additionally, fairly narrow fields of view must be used.
UWLIS Imager
     This particular device is the latest iteration of an ongoing concept exploration at Livermore.  In this newest edition, the laser transmission and signal return paths are completely separate.  The raster scanning results in two mirrors scanning at two different rates.  The mirrors consist of beryllium substrates with aluminum reflective coatings of 92% (this was surprising because power seems to be a major issue with this device and much better coatings are readily available).  The horizontal scanning uses a sinusoidal pattern of 3933 Hz while the vertical scan is a sawtooth pattern at 60Hz, giving a FOV of 18° by 14°.  The laser used was an Argon-Ion 5-7 Watt system.  The sensor was an Image Dissector Tube (IDT) which consisted of a photo multiplier tube with a cascade type dynode chain (for maximum sensitivity), whose IFOV is raster scanned.  The target region is imaged onto the face of the IDT with a f/1.2 50 mm camera lens, giving an IFOV of 10.6 mrad, which is 10X that of the laser.  In order to save development costs and schedule, an existing raster scanning system was used from an Inframetrics IR single-detector camera.  The positions of both mirrors was sensed by a pair of optical sensors measuring the deflection of a light beam off the back of the mirrors.

     The IDT sensor assembly was mounted outboard of the laser transmitter assembly, at an angle coincident with the target range, and was changed as the range was changed.  Plexiglas windows with silica window inserts were used around the sensor and laser transmitter and were the only parts of the device in contact with the water, mounted at the top of the test tank.  An equation for the power reflected from the target (“return signal”) was shown, which was a summation of the power of each laser line multiplied by the optical transfer efficiency of the transmitter optics, the square of the seawater transmittance, the optical transfer efficiency of the receive optics, the target reflectance and the solid angle of the return optics.  It is important to note that the power is a linear relation to all these factors except the water transmittance.  An expression was also given for the signal to noise ratio, and the two were related such that one could calculate the required power for a given signal to noise.  It was pointed out that one could average frames to improve the signal to noise at the sacrifice of speed.  This leads to limitations of allowed movement for both the optical platform and the target area.  A very high contrast target was used ( however, the authors pointed out how most salvage targets are extremely low contrast) consisting of 112cm square metal plate with an Air Force resolution target on it. 
Test Conditions 
     The in-water test consisted of the apparatus mounted on a crane suspended into the top of a 6m diameter by 15m (holding ~400,000 ltrs) tall free ascent training tank located at 1) the Naval Amphibious Base at Coronado, CA and 2) the Navy Salvage and Diving Training Facility at Panama City, FL.  Maalox was added to the tank to increase water scattering and nigrosin dye was added to increase the water absorption.  Ten different levels of water turbidity/absorption were simulated, ranging from clear (AL .98) to an attenuation length of 7.6 (other values were AL 1.8, 2.5, 2.7, 3.8, 4.6, 5.1, 5.8, 6.3, 6.9).  It was found that the increase in scattering coefficient Δs(536nm)  =  1.0 m-1 for 20 parts per 106 of Maalox.  The scattering coefficient was measured via extinction coefficient with a 10 cm path length transmissiometer; however it operated in the 660nm wavelength band, not in the 500nm band of interest where the laser was operating.  Extrapolations were attempted (work mostly done at Scripps) to related these measurements to the laser bands, but this appeared to be a lot of handwaving and seemed to make their results somewhat questionable (they had another transmissiometer in the correct band but it proved unreliable).  It was discovered that the chlorine in the tank bleached the nigrosin dye, so it was used only for the first three degraded water tests.  Also, the Maalox or the dye had to be added and measured separately since the transmissiometer was incapable of distinguishing the two effects.  It was also discovered that the Maalox particles plated out on the sides of the tank over time, so that it appeared that the water clarity conditions were not completely stable but changing during the tests.  
Results

     Images were recorded in VHS video, with stills shot from the screen for data.  There was significant image quality losses in the process as can be seen by the images of the test target in the paper.  The study was qualitative only, but suggestions were made about using signal to noise or MTF as possible ways to quantify results.  
     Eight control imaging devices were set up for comparison purposes.  There were 6 devices relying on the standard floodlight lamps with silicon intensified target (SIT) cameras.  Variations in placement of the light sources, filters, and beam widths were varied.  There were also two set ups using the laser as a light source, one with a beam diverger and one with the scanned laser source.  The set ups using floodlights all performed roughly in the 1 to 2 AL ranges, and were completely limited beyond 2 AL.  Using filters, changing angles, etc didn’t appear to help significantly.  Although separating the light source from the camera seemed to help slightly, it was disappointing to see that the authors didn’t follow through more thoroughly along this line of research.  Using the laser as the illumination source along with the SIT cameras showed medium performance with ranges on the order of 4 AL; the diverging laser source gave a Gaussian profile illumination cross section, while the rastered laser provided a much more spatially uniform illumination.  
     The rastered laser and rastered sensor IDT technique showed significant range improvements over the standard floodlight-sourced methods, achieving an ultimate range of 6.3 AL.  Up to 4 AL was achieved at real time 30Hz video frame rate, while averaging 8 frames allowed range resolution to 4-5 AL, and averaging 32 frames allowed 5 to 5.7 AL.  The highest range required averaging 128 frames, and motion of either the target or platform could be seen at this slowest rate.  Thus it can be seen that the laser power and signal to noise ratio of the camera were the drivers in terms of achievable range.  Extrapolations were made to try and account for longer distance ranging, however this was never really thoroughly explained and was quite confusing.  
Comparison to Other Papers

     It was difficult to find much other mention of this topic in the literature; a general web search turned up  
http://jaffeweb.ucsd.edu/pubs/UWImage_final.pdf
which gives a very good overall tutorial on the history of underwater imaging, including such advanced topics as range gated imaging and synchronous scan imaging (the topic of the paper being evaluated).  It represents a good alternative explanation of this complex topic, as well as some of the history that led up to the use of lasers as underwater illumination sources.  It is somewhat more tutorial in nature and presents a good accompanying article to the one being evaluated.   

Conclusions
     I found this paper well written overall and a fascinating optomechanical subject.  It offered a very good introduction and technical description of the device and its particulars, including limitations and shortcomings.  This part is a good tutorial on raster scanned optics.  There is also a good explanation of the sensor system.  However, I was mostly disappointed with the qualitative nature of the results and the poor image quality and data collection that didn’t allow more concrete conclusions, plus the apparent lack of control of the water conditions; this lack of knowledge of the exact turbidity and absorption is an important feature to the entire study because light absorption and scattering in water is so spectrally dependent.  Attempts were made to extrapolate the results but I found these somewhat unsatisfying.  Nevertheless I was impressed that the authors explained these shortcomings honestly and (usually) with clarity.  This entire topic should be revisited today because of the advances in sensor electronics and compact, rugged and more efficient diode pumped lasers.  Also the mirror system should be investigated further to incorporate more solid state devices and get higher reflectivity coatings (thus sparing laser power).
     Interested parties for this topic include anyone who has ventured into the watery world and been frustrated by the lack of visibility which obscures everything so effectively.  Salvage experts would also of course be most interested in this topic, because although sonar is an extremely mature and available technology, we as humans are still most curious about how things look.  Sonar, like its cousin radar and ladar are somewhat confusing because they present a range/distance metric instead of a reflectivity metric, as we are used to seeing.  This offers a long range way of seeing underwater for most people who are more concerned with how things actually look.   Another extremely important application is underwater archaeology where a very accurate record of the seabed must be painstakingly mapped and photographed with high resolution, even in turbid waters.   
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Development and testing of a
synchronous-scanning underwater
imaging system capable of rapid
two-dimensional frame imaging


Thomas J. Kulp, Darrel Garvis, Randall Kennedy, Tom Salmon, and Keith Cooper


The design and construction of a synchronous-scanning underwater imaging system capable of rapid
two-dimensional scanning are described. The imager employs a 7-W, all-lines, argon-ion laser in
conjunction with a galvanometrically driven raster scanner and an image-dissector tube receiver. The
imager is capable of directly generating real-time RS-170 video imagery. The results of an in-water test
of the imaging system, in which a high-contrast imaging test pattern was imaged, demonstrate operating
ranges of up to 4 attenuation lengths (AL) when the test was run at real-time frame rates, ranges of
5.1-5.5 AL when the system operated with an eight-frame running average, and ranges of 6.3 AL when a
128-frame running average was used. The system performance was compared with that of several
floodlight/silicon-intensified-target TV camera configurations, which produced a maximum imaging
range of 2.6 AL. Also, an imaging configuration that used the raster-scanned beam of the laser as an
illumination source for the silicon-intensified-target camera was tested. That system had an ultimate
range of - 4 AL.


Introduction
The range at which objects can be imaged underwater
is typically limited by the noise in the backscattered
radiation generated in the water between the imaging
system and its target.' The scatter is produced in
the overlapping volume of the illumination source
and the field of view (FOV) of the imaging device and
is therefore called common-volume backscatter. In
conventional underwater imaging systems that are
composed of video cameras and wide-beam flood-
lights, the imaging range is limited when the varia-
tion in the common-volume backscatter exceeds the
inherent contrasts of the target image. This is a
result of the limited dynamic range of the camera.
For a typical commercially available floodlight-
illuminated imager, this limit occurs at a target
distance of 2 attenuation lengths (AL).
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For the last two decades, novel experimental imag-
ing systems based on the use of lasers have been
devised to reduce the effects of common-volume
backscatter and thus to increase the underwater
visibility range.1- 4 These devices take advantage of
either the unique spatial or temporal properties of
laser radiation to discriminate against backscatter
generated in seawater. The two primary techniques
that are employed by these cameras are range gat-
ing2


6 and synchronous scanning6' 2 ; there have also
been some novel variants of the latter.131 4


In range gating the target is illuminated with a
short-duration laser pulse as it is imaged by a rapidly
gated electronic camera. The camera gate is trig-
gered to open following the round-trip time of flight of
the laser pulse and remains open for a time equal to
the laser-pulse duration. Scattered light received
outside this temporal window is rejected.


In synchronous scanning the highly collimated
nature of the laser beam is employed for spatial
rejection of common-volume scatter. With this ap-
proach the laser is directed to illuminate the target at
a single point, and scattered radiation from that point
is collected in the well-collimated instantaneous field
of view (IFOV) of a single-element detector. The
overlap zone between these two volumes is then
scanned in a line or raster fashion across the target to
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produce a video image of the target. Because of the
small overlap length of these two beams, the common
volume is drastically reduced, and common-volume
scatter is minimized. According to theoretical predic-
tions, laser-based imaging systems should be capable
of operation at ranges of up to 7 AL or more.6"5


In this paper we present the results of an effort to
develop a synchronous, raster-scanning imager that
is capable of real-time and near-time video frame
rates. The underwater laser-imaging system
(UWLIS) differs from earlier synchronous scanners in
its ability to scan in two dimensions at conventional
video frame rates (30 Hz). The performance of the
UWLIS during an in-water tank test is described,
where the imaging performance of the system was
tested at target ranges of up to 6.3 AL (at a physical
distance of 15.2 m). At ranges of < 4 AL the imager
was able to produce acceptable video images while
operating at its full imaging bandwidth. At longer
ranges, however, it was necessary to reduce the frame
rate to improve the image signal-to-noise ratio. This
was accomplished with a running frame averager.
At ranges between 4 and 5 AL, an eight-frame
average was used. Between 5.0 and 5.7 AL a 32-
frame average was used (although an eight-frame
average still produced usable imagery to 5.5 AL).
To reach the ultimate range of 6.3 AL, a 128-frame
average was used. The results of the test demon-
strate that the imager was limited by the magnitude
of the return signal and residual electronic noise and
not by common-volume backscatter.


Relationship to Past Underwater Imaging Efforts
In developing and testing an underwater imaging
system of this type, the factors that influenced the
application of earlier systems should be considered.
Although a great deal of effort has been devoted to the
development of laser-based underwater imaging sys-
tems, there have been few operational implementa-
tions of them. This can, in general, be attributed to
the practical limitations of the lasers that were used
and their associated hardware. The commercially
available green and blue-green sources that have
appreciable transmission in seawater are the argon-
ion (Ar+) and the lamp-pumped, frequency-doubled
Nd:YAG (2*Nd:YAG) lasers. Both operate with low
electrical-to-optical conversion efficiencies and thus
require a large amount of electrical power to be
delivered to the underwater platform containing the
imager. In past applications this was a serious
restriction. Additionally earlier laser sources were
not as reliable as current systems, especially when
operating in a hostile environment such as on an
undersea vehicle. This was also true of the mechan-
ical scanning mechanisms required for rapid synchro-
nous scanning and of the rapidly gated cameras
needed for range-gated imaging. In the case of
synchronous scanning, hardware limitations pre-
vented operation at real-time video frame rates.
Finally, although both types of laser-based approach
were demonstrated to reduce the effects of scattered
light, they were found to be photon or electrical noise


limited at long ranges. Thus the systems were inher-
ently restricted by the power of their laser source,
their detector sensitivity, and the geometrical collec-
tion efficiency of their receiver optics. This was
especially important for efforts whose goals were
extremely long-range search or surveillance applica-
tions.


In recent years advances in technology have re-
laxed some of the hardware limitations. Although
the existing commercially available laser sources con-
tinue to be the electrically inefficient Ar+ and lamp-
pumped 2*Nd:YAG, the ability to deliver electrical
power over long underwater cables has improved.
Thus it is increasingly possible to alocate the power
required to operate a laser on moderately sized
underwater platforms. Rapid increases in the devel-
opment of diode-laser-based sources will further alle-
viate power-budget limitations. Diode-pumped
2*Nd:YAG sources operating at power levels of 3-5 W
and efficiencies of a few percent or more should
become available in the next few years. Assuming
that 5 W of optical power are required, their use will
reduce the electrical-power budget requirement for
the laser from as high as 10 kW (for the Ar+ laser) to


500 W. General improvements in electro-optic
technologies have also made laser and scanner hard-
ware more reliable and adaptable to operation in
rugged environments. In fact an Ar+ laser-based
underwater line scanner is now commercially avail-
able.' 6


Although these hardware improvements will im-
prove the feasibility of implementing a reliable laser-
based imager, issues of signal strength remain.
Despite the fact that both laser-based approaches can
drastically reduce backscatter, low return signals
may still restrict operation to physical distances that
are too low for some applications. Signal-strength
issues are especially important when one is consider-
ing fast two-dimensional scanners, such as the
UWLIS, which require high detector bandwidths (i.e.,
low pixel dwell times). Low signals inevitably lead to
trade-offs among range, imaging bandwidth, and
imaging field of view. Ultimately the utility of a
laser-imaging system will be judged by the specific
requirements of the application.


The UWLIS is intended specifically for use on
remotely operated vehicles (ROV's) during deep-
ocean salvage operations. Although very large imag-
ing ranges (> 300 m) are desired in this application,
an extension of the visibility range to 60-80 m is
sufficient to produce a significant saving in cost
during salvage missions. Because of its two-dimen-
sional imaging capability, the UWLIS is expected to
fill a specific need in ROV operations that is not
possible with other synchronous-scanning systems,
such as line scanners. The real- and near-real-time
frame rates of the UWLIS make possible operation in
a stationary mode or in a mode in which platform
speed is randomly varied. This is typical of the ROV
operational environment, in which the platform is
often maneuvered above and around rugged seafloor
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terrains. Signal-to-noise (i.e., measuremental band-
width) and resolution requirements do, however,
limit the system to relatively narrow FOV's. In this
respect the UWLIS can be considered a complemen-
tary device to line scanners, which permit larger
swath scans but require forward vehicle motion and
lower horizontal line rates.


UWLIS Imager Description


A diagram of a general synchronous-scanning imager
is shown in Fig. 1. The device consists of a cw laser
whose beam is scanned across the target area in some
type of one- or two-dimensional scan pattern. In a
line scanner a one-dimensional scan is used, and the
motion of the platform provides the second dimension
of the image. In a raster scanner the beam is
scanned in two dimensions. The detector in the
synchronous-scanning imager is typically a single-
element device whose IFOV is collimated to a diver-
gence that is slightly larger than that of the laser.
The detector IFOV is directed to intersect the laser
beam at the target and is scanned so that the
intersection volume is maintained as the laser beam
is swept. The signal-processing electronics amplify
and format the detector signal so that it can be
displayed as a two-dimensional target image.


The UWLIS is a synchronous-scanning imager of
the raster-scanning type. Its optical layout is shown
in Fig. 2. Earlier versions of the UWLIS have been
tested and are described in other papers.'0-'2 In
general the ranges of the past designs were limited by
scattering generated on the scanner optics. This
motivated the construction of the current UWLIS,
shown in Fig. 2, in which the laser transmission and
signal return paths are completely separate. The
laser-beam transmission optics consist of a pair of
galvanometrically driven scan mirrors, whose con-
certed horizontal and vertical motions produce the
raster scanning of the laser beam. The mirrors are
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Fig. 1. General diagram of a synchronous-scanning imager.
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Fig. 2. Diagram of the optical layout of the UWLIS imager.


composed of beryllium substrates onto which are
replicated aluminum reflective surfaces (with reflec-
tivity of 92% at the laser wavelengths). The hori-
zontal mirror is scanned sinusoidally, with a fre-
quency of 3933 Hz, while the vertical mirror is
scanned by a sawtooth wave form with a sweep rate of
60 Hz. The beam from an all-lines (457-514-nm),
argon-ion laser (Model 905, American Laser Inc., Salt
Lake City, Utah) is injected into the scanner to
intercept the horizontal-scan mirror. The laser
power was nominally 5 W, but 7 W of power was being
produced at the time of the test. From there it is
reflected down to the vertical-scan mirror and out of
the scanner to a periscope mirror assembly, from
which it travels to the target. The maximum dimen-
sions of the raster scan are 18° (horizontal) by 14°
(vertical). The system FOV is currently limited by
mechanical properties of the particular resonant hor-
izontal scanner that is used. Technology does exist,
however, for increasing that physical scan angle to
30°. Multiple-reflection scan configurations can also
be used to achieve real-time optical scans of up to 60°.


The return signal from the target is detected and
scanned with an image-dissector tube (Model R312,
Hamamatsu Inc., Bridgewater, N.J.). Image-dissec-
tor tubes (IDT's) have been used in the past as
receivers for other synchronously scanned imagers
and for laser trackers.6 7"7 They are essentially scan-
ning photomultiplier tubes (PMT's), in which a signal
generated at any small region of the photocathode can
be selectively detected at the anode.


The operation of an IDT is illustrated in Fig. 3. In
the photocathode region, photoelectrons to be interro-
gated are focused by a set of electrodes and deflected
(by a set of x-y deflection plates) through a small
aperture. The position of the interrogation region
on the photocathode is determined by the voltages on


Aperture


Deflection plates
Anode Dynodes Focu sing rings


Photocathode


Fig. 3. Schematic of an IDT.
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the deflection plates, while its size is determined by
the size of the aperture and the magnification of the
electron lens. After the photoelectrons pass through
the aperture, they are multiplied by a dynode chain
and collected at the anode, as in a normal PMT. The
ability to position the interrogation region electroni-
cally on the photocathode makes it possible to scan
this region electronically as well.


In the UVWLIS, the IFOV of the IDT is raster
scanned when the appropriate drive signals are ap-
plied to the deflection plates to scan the photocathode
interrogation region. These drive signals are ampli-
fications of signals from sensors monitoring the posi-
tion of the scan mirrors. The IDT has a custom
aperture size of 265 m and an electronic lens
magnification of 0.5, so the diameter of the photocath-
ode collection area is 530 m. The target region is
imaged onto the face of the IDT with an [/1.2, 50-mm
camera lens. These optics produce a circular IFOV
with a divergence of 10.6 mrad- 10 times the
divergence of the 1-mrad argon-ion laser beam. The
oversized IFOV is necessary to permit synchroniza-
tion at all positions in the raster because of the 2%
scan distortion of the IDT. With this IFOV size,
fully synchronized imagery can be produced over the
full-system FOV.


The development of the UWLIS was accelerated by
adapting an existing raster-scanning imager to accom-
plish the beam scanning and the generation of the
RS-170 video signal. This imager is an IR flying-
spot camera (Model 522, Inframetrics, North Biller-
ica, Mass.). Mechanical raster scanning is used to
generate video imagery in the IR, because inexpensive
and reliable focal-plane array detectors operating in
that wavelength range are not available. The only
optical components used from the Inframetrics cam-
era are the two galvanometers and their scan mirrors.
Its signal-processing electronics and scan-mirror con-
trollers are employed as the control electronics for the
UWLIS.


To generate the raster scan, the horizontal galvo is
driven at a rate of 3933 Hz by a sinusoidal drive
signal. Each period of the sine wave generates two
video lines. The horizontal galvo is a resonant de-
vice that runs freely. All other system timing is
derived from its motion. The positions of both the
horizontal and vertical mirrors are sensed continu-
ously by a pair of optical sensors that measures the
deflection of a light beam off the back of the mirrors.
The signals from these sensors provide the feedback
to lock the mirrors to their drive signals. The verti-
cal galvo is an ordinary stepping-type scanner that is
driven by a 60-Hz sawtooth wave to produce the
vertical dimension of the raster scan. The imager
generates fields every 1/60th s in which alternating
lines are scanned and full frames every 1/30th s.
To produce the correct line density for RS-170 video,
each line is written out twice on the video screen, so
that each horizontal line has one identical neighbor.


As we mentioned above, the horizontal galvo drive
signal and the vertical galvo position sensor signal are


amplified and used to drive the horizontal and verti-
cal deflection plates of the IDT. Each signal is
amplified to 240 V by a high-voltage operational
amplifier. The horizontal drive requires a phase-
delay control to compensate for delays in the electron-
ics. (The sine wave used to drive the IDT horizontal
scan is actually the wave from the previous galvo scan
that has been delayed by one full cycle.)


In addition to the drive signals the R312 IDT
requires a voltage drop of 300 V across its focusing
electrodes and a variable voltage drop of up to 1200 V
across its dynode chain. The signal collected at the
anode is amplified by a standard PMT preamplifier
(Model C1053, Hamamatsu) and matched to span the
voltage range required at the input of the Inframet-
rics scanner. In the Inframetrics processing electron-
ics the preamp output is directed through a gain
adjustment stage and then digitized by an 8-bit
analog-to-digital converter. The scan conversion to
the RS-170 video is then accomplished by a digital-to-
analog circuit that stores the video lines in a RAM
buffer and reads them out at the appropriate line rate
(with each line being read out twice to adjust for the
mismatch between the frame rates of the two formats).
As part of the readout process the camera also
accomplishes a linearization of the horizontal scan,
which is required to correct for the sinusoidal varia-
tion of scan angle with time. Scan linearization is
accomplished by using varying delays (controlled by
values saved in a lookup table) between the points at
which successive pixels are read out of the RAM
buffers. During the testing of the system a digital
frame averager (Model DS-50, Quantex, Rockville,
Md.) was inserted between the video output of the
system and the video display and recorder. This
device allowed real-time running frame averages (be-
tween 2 and 128 frames in multiples of two) to be
made and displayed.


A diagram of the test configuration of the UWLIS
imaging head is shown in Fig. 4. The IDT is at-
tached to a mount that allows it to be tilted to adjust
the intersection plane of the IFOV and laser as the
target range is changed. During the tests only the
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Fig. 4. Diagram of the test configuration of the UWLIS imaging
head.
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front portion of the scanner was immersed beneath
the surface of the water. This was accomplished by
mounting the imager head framework in a near-
vertical orientation, so that its front portion was
under the water surface. Figure 5 contains a photo-
graph of the UWLIS imaging head during testing.
The scanner assembly and the IDT were enclosed in
Plexiglas covers (shown in Fig. 4) that allowed these
components to be submerged. Each cover contains a
flat AR-coated silica window to transmit the light to
and from the target. The outboard laser periscope
mirror was located outside the Plexiglas cover and
was thus directly immersed in the water. As the
position of the target changed, the tilt of the outboard
laser mirror and the IDT were adjusted to maintain
intersection at the target. Additionally the tilt of the
whole UWLIS framework could be adjusted.


UWLIS Range Estimation
Detailed calculations of the maximum-range perfor-
mance of synchronously scanned imaging systems
have been provided in the past," 8 where the effects of
both single and multiple scattering and the total
photon return signal were considered. In the test
conditions described in this paper, it was found that
the ultimate range of the UWLIS was determined
primarily by the strength of the return signal and not
by common-volume backscatter. Because laser power
and optical collection limitations may in general
impose a greater restriction on the range of the
scanner than common-volume backscatter, it is use-
ful to estimate the signal-limited range of the system.
This can be done by use of a simple calculation and
the existing data.


The power of the return signal of the UWLIS is
given by


PT(R) = Pji'qTL(X )72(R, XJP(XJ)RL(X)(R), (1)


where the sum is made over all the lines of the
argon-ion laser and


Pli is the power of the ith laser line,
I1TL( Xi) is the optical transfer efficiency of the


transmitter optics,
T(R, Xi) is the seawater transmittance at the range


R and the laser wavelength,
( Xi) is the target reflectance,


TlRL( Xi) is the optical transfer efficiency of the
receiver optics,


i(R) is the solid angle of collection of the return
optics.


The solid angle of collection of the return is given by


fl(R) = AO/R 2 , (2)


where AO is the area of the receiver collection aper-
ture.


Assuming (for the purpose of this estimate) no
contribution from water backscatter, the noise of the
system results from the electrical noise of the pream-
plifier, the dark-current noise of the IDT, and the
shot noise in the return signal. The overall signal-to-
noise ratio (S/N) is improved by frame averaging in
proportion to N/ 2 (where N is the number of aver-
aged frames). The S/N of the return signal can be
obtained by dividing the signal expression in Eq. (1)
by the detection system noise equivalent power (equal
to P0N-/ 2 ):


S/N(R) = [KPT2(R )AOR - 2]/P0N-1/2 ,


Fig. 5. UWLIS imaging head as mounted above the tank during
testing. The only components immersed in the water were the
IDT (on the left side of the frame) and the scanner (below the laser
head, in the center of the frame). Each is enclosed in a Plexiglas
protecting housing.


(3)


where K contains all remaining terms, and the sum
over laser lines has been replaced by a wavelength-
averaged laser power and an average water attenua-
tion coefficient.


Equation (3) and the results of the tank test can be
used to extrapolate the imager performance to other
ranges, water conditions, and degrees of frame averag-
ing (i.e., under different R, N, or T). Assuming that
an acceptable S/N was achieved in certain conditions
at the test, Eq. (3) can be used to determine the laser
power required to achieve the same S/N in different
conditions. This is-done by dividing the expression
for the observed S/N by the expression for the S/N at
the expected conditions, setting the result equal to
one, and solving for the expected laser power:


P = Pobs((R/Robs) (Nobs/N)'/1Tob(R)/T2(R)]}, (4)


where the subscript indicates the conditions in which
the observed signal was acquired. Note that this
assumes that one is imaging a target of the same
reflectivity and contrast as that used in the tests,
which is quite high. Often, for real-world targets of
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interest, contrast and reflectivity will be lower.
According to Eq. (3), the S/N in given conditions will
scale linearly with the target reflectivity. In addi-
tion the imager range performance will scale accord-
ing to Eq. (4). In this paper we focus on the extrapo-
lation of the results obtained when the test target was
used. However, given a specified target reflectivity,
the above equations and our results can be used to
predict range.


Tank-Test Description
The in-water tank tests of the UWLIS prototypes
were carried out on three occasions in free-ascent dive
towers located at two different Navy facilities (the
Naval Amphibious Base at Coronado, Calif. and the
Navy Salvage and Diving Training Facility at Panama
City, Fla.). Unless otherwise noted the results pre-
sented in this paper were obtained at the last tank
test, which occurred at the Florida facility.


A free-ascent dive tower is a large, cylindrical,
above-ground water tank used for training divers to
surface from pressurized submersible vessels. The
dimensions of the towers located at the two test
locations are virtually identical. A diagram of the
tank is in Fig. 6. It has a diameter of 6 m and a depth
of 15.2 m and is capable of holding 390,180 L of water.
During the tests the optical properties of the water
column were altered to simulate different seawater
conditions. This was accomplished by adding con-
trolled amounts of Maalox (to increase the water-
scattering coefficient) and nigrosin dye (to increase
the water-absorption coefficient). During a tank est
the additions and the imaging trials were carried out
over a period of several days. To maintain stable
water conditions during this time, it was necessary to
disconnect the tank filters from the recirculation


SIT Camera


i i f ~~~~UWLIS


Target _ByScaffolds


46' (13.8 m) Tn


<4 20' 110


(6 m)


Fig. 6. Diagram of the free-ascent diving tower. The 13.8-m
depth is the depth at the edge; the center depth is 15.2 m.


loop. The circulation pumps were left operating,
however, so that the water would be continually
stirred and the Maalox particles would remain in
solution.


During the second and third tests, several other
imaging configurations were tested in parallel with
the UWLIS (see Table 1). Most of them consist of a
conventional underwater silicon intensified target
(SIT) camera (Osprey Electronics, Dyce, Aberdeen,
Scotland, Model OE-1323) that was illuminated by
various types or orientation of floodlights. They
were used primarily to, replicate the imaging condi-
tions that are currently employed on Navy ROV's
[System 2 (S2)] and to provide a comparison to the
UWLIS. In some cases attempts were made to im-
prove the performance of the conventional imaging
arrangement. System 3 (S3) used a blue-transmit-
ting filter to reject backscattered radiation at nonblue
wavelengths; this light contributes relatively little to
the total target return signal. System 4 (S4) is
intended to improve imaging performance by widen-
ing the separation between the illumination source
and the'camera. System 5 (S5) used a thallium-
iodide lamp that emits over a narrow bandwidth (at
535 nm) in the blue-green spectral range. The final
floodlight-illuminated camera, System 6 (S6), was
intended to improve performance by narrowing the
beamwidth of the floodlights, thus reducing the near-
field common volume.


Two SIT camera systems were tested that used the
laser as their illumination source. System 7 (S7)
utilized the laser raster scan to illuminate the FOV of
the SIT camera. As will be seen, the distinct illumi-
nation pattern of the laser scan allowed that configu-
ration to achieve significantly improved ranges over
the floodlight-based systems. Similar results were
found with System 8 (S8), in which the laser beam
was spread with a set of diverging optics to illuminate
the target with a narrow cone of radiation.


The target that was imaged during the tests con-


Table 1. Imaging Configurations Used at Tests I1 and I1


System Description


S1 UWLIS with 54-in. (137.16-cm) IDT-mirror separation
S2 Tungsten-halogen floodlight (wide-beam)-illuminated


SIT camera, 25-in. (63.5-cm) separationa
S3 S2 with blue transmission filter (4-96, Corning Glass


Company, Corning, N.Y.) mounted on the camera lens
S4 S2 with 8-ft. (2.4-m) lamp-camera separation
S5 Thallium-iodide, floodlight-illuminatedb SIT camera,


63.5-cm lamp-camera separation
S6 S2 using narrow-beam tungsten-halogen floodlightsc
S7 Raster-scanned, laser-illuminated SIT camera, 43-in.


lamp-camera separation
S8 Flood laser-illuminated SIT camera, 63.5-cm laser-


camera separation


aTwo 150-W halogen floodlights, Deep-Sea Power and Light (San
Diego, Calif.) Model SL-24/150, specular reflectors Model NF-1.


bOne 450-W thallium-iodide floodlight with diffuse reflector on
loan from Deep-Sea Power and Light.


cOne 250-W halogen spot floodlight, Deep-Sea Power and Light
Model MXD-SP.
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sisted of a square (112 cm x 112 cm) steel-screen
panel that was suspended in the water by a rope block
and tackle assembly. A standard Air Force imaging
target (Applied Image, Rochester, N.Y.) with dimen-
sions slightly less than that of the frame was ce-
mented to a Lucite sheet and placed on the panel.
To avoid chlorine bleaching in the tank, the target
was sprayed with a clear lacquer before being placed
in the water.


Water Additions
The imaging tests were performed in clear water and
in 10 levels of optically degraded water. At each
successive addition of Maalox or nigrosin dye the
extinction coefficient of the water was measured with
a 10-cm-path-length transmissiometer (Sea Tech,
Inc., Corvallis, Ore.) that used a light source peaked
at 660 nm. During the second tank test an attempt
was made to make these measurements with a blue-
green transmissiometer (Moniteq, Inc., Concord, Ont.,
Canada) that used a light-emitting-diode source
peaked at 530 nm. That device would not, however,
produce reliable measurements at the time of the
test.


Because the Sea Tech transmissiometer measured
transmittance in the red, it was necessary to extrapo-
late the measured water clarity (at 660 nm) to the
relevant blue-green wavelength (500 nm, which is
approximately halfway between the two dominant
laser lines of the argon-ion laser at 488 and 514 nm)
according to the spectral absorption and scattering
characteristics of the dye and the Maalox. These
spectral characteristics were obtained from a series of
measurements conducted at the Scripps Institute of
Oceanography Visibility Laboratory.18 The spectral
variation in the increase in the absorption coefficient
(Aa) for an increase in the nigrosin dye concentration
of 270 pg/L is given in Table 2. Unfortunately these
measurements were not made to wavelengths as
great as 660 nm, so that the value in Table 2 is an
extrapolated one. The absorption properties of the
nigrosin/water mixture at 500 nm were estimated
according to


a(500 nm) = 1.32 a(660 nm). (5)


The scattering properties of the water were calcu-
lated according to


As(X)/As(536 nm) = [536/ X]1 44, (6)


where As is the increase in the scattering coefficient
in units of inverse meters. The data obtained at the
Scripps Institute of Oceanography Visibility Labora-


tory show that


As(536 nm) = 1 m- (7)


for a volumetric increase in Maalox concentration of
20 parts in 106.


Results and Discussion


Water Conditions


During the additions to the tank it was found that the
chlorine present in the water bleached the nigrosin
over time. Thus nigrosin was added only for the
first three water-clarity levels. For those levels it
was necessary to make dye and Maalox additions to
the tank separately, because the transmissiometer is
incapable of measuring the individual contributions
of a and s to a. For example, if a quantity of Maalox
is added to the tank, the measured change Aa(660)
can be considered to be entirely a result of a change in
s, and Eq. (6) can be used to calculate the correspond-
ing As at 500 nm. This number may then be added
to the a(500) value before the addition to obtain the
current c(500). Clear water a(500) and ax(660) were
assumed to be 0.090 and 0.400 m-', respectively,
according to the data of Smith and Baker.19


The optical properties of the 10 levels of water
degradation at which images were collected are listed
in Table 3. Included there are the measured values
of a(660), the values of a(660), s(660), a(500), and
s(500) that were calculated from the transmissiome-
ter readings, and the values of a, s, and a. at the two
wavelengths that were predicted on the basis of the
amount of dye and Maalox added. Finally the magni-
tude of an AL for each level is given.


Note that the table shows some disagreement
among the predicted values and those inferred from
the measurements, i.e., the latter fall slightly short of
the former. In addition to the dye bleaching, we
observed that the Maalox particles appeared to be
plating out on the walls of the tank over time. This
problem was minimized by frequently stirring the
tank with air released from outlets along the tank
walls. Depth-profile measurements taken with the
transmissiometer at various positions in the tank
confirmed that the water was uniformly mixed and
that stratification of the Maalox was not so severe as
in the previous test.' 2


Images
Images collected during the test were recorded on
VHS videotape. Still photographs that were made
from the tape are presented in this section. It
should be noted that some loss in image quality


3526 APPLIED OPTICS / Vol. 32, No. 19 / 1 July 1993


Table 2. Spectral Absorption Properties of Nigrosin Dyea


Wavelength (nm) 450 491 536 567 585.5 614.5 631 660
ha (m'1) 0.78 0.95 1.08 1.12 1.10 1.00 0.82 0 .75b


aAa for 270 pLg/L.
bExtrapolated value.







Table 3. Predicted and Measured Water Conditionsa


Predicted ValuesDegradation Measured
Level a(660) s(660) a(660) a(500) s(500) a(500) AL(500)


Clear 0.400 0.0260 0.426 0.0257 0.0388 0.0645 0.98
1 0.405 0.0560 0.461 0.0321 0.0839 0.116 1.8
2 0.414 0.0803 0.494 0.0443 0.120 0.164 2.5
3 0.424 0.0803 0.504 0.0573 0.120 0.177 2.7
4 0.424 0.127 0.551 0.0573 0.190 0.248 3.8
5 0.424 0.163 0.587 0.0573 0.243 0.301 4.6
6 0.424 0.187 0.611 0.0573 0.278 0.336 5.1
7 0.424 0.217 0.641 0.0573 0.323 0.381 5.8
8 0.424 0.241 0.665 0.0573 0.359 0.416 6.3
9 0.424 0.269 0.693 0.0573 0.400 0.458 6.9


10 0.424 0.297 0.721 0.0573 0.441 0.499 7.6


Inferred from Measurement


s(660) a(660) a(500) s(500) oU(500) AL(500)


Clear 0.400 0.0260 0.426 0.0260 0.0388 0.0648 0.99
1 0.405 0.0560 0.461 0.0324 0.0839 0.116 1.8
2 0.405 0.0817 0.487 0.0324 0.122 0.154 2.3
3 0.416 0.0817 0.498 0.0473 0.122 0.169 2.6
4 0.416 0.113 0.529 0.0473 0.168 0.215 3.2
5 0.416 0.147 0.563 0.0473 0.218 0.265 4.0
6 0.416 0.165 0.581 0.0473 0.244 0.291 4.5
7 0.416 0.192 0.608 0.0473 0.285 0.332 5.1
8 0.416 0.200 0.616 0.0473 0.296 0.344 5.2
9 0.416 0.225 0.641 0.0473 0.333 0.380 5.8


10 0.416 0.244 0.660 0.0473 0.361 0.409 6.3


aAll a, s, and a are in units of inverse meters. The column labeled AL indicates the number of attenuation lengths (at 500 nm) to the
bottom [50-ft (15.2-m) depth].


occurs during this transfer. In addition it should be
noted that imaging performance is discussed only
qualitatively here. No effort has yet been made to
compare these images quantitatively (i.e., by using
contrast S/N and modulation transfer function anal-
ysis).


Floodlight-Illuminated SIT Camera
The tungsten-halogen floodlight-illuminated SIT
camera configuration (S2 in Table 1), currently used
on ROV missions, was strongly affected by common-
volume backscatter at ranges between 1 and 2 AL and
was completely limited by backscatter beyond 2 AL.


Attempts to improve range by using the spectrally
filtered camera (S3), the wider camera-lamp separa-
tion (S4), and the blue-green emitting thallium-
iodide lamp (S5) produced no significant differences.
The use of the narrow-beam floodlight (S6) extended
the camera range from 2.0 to 2.6 AL. No attempt
was made to image with the narrow-beam floodlights
at lamp-camera separations larger than 25 in. (63.5
cm), although it is likely that this would have further
increased the range. Figure 7 contains images of the
target produced at ranges of 0.99, 1.8, and 2.6 AL by
the SIT/narrow-floodlight combination, which was
the best floodlight-based system tested.


(a) (b) (c)
Fig. 7. Images produced by the narrow-beam, floodlight-illuminated SIT camera (S6). The conditions in which the images were made are
(a) 0.99 AL (clear water), (b) 1.8 AL (level 1), and (c) 2.6 AL (level 3). The target distance was 15.2 m in each case.
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Fig. 8. Images produced by the raster-scanned, laser-illuminated SIT camera (S7). The conditions in which the images were made are: (a)
0.99 AL (clear water), (b) 2.6 AL (level 3), and (c) 4.0 AL (level 5). The target distance was 15.2 m in each case.


Laser-Illuminated SIT Camera
As in earlier tank tests 0,' 2 the raster-scanned, laser-
illuminated SIT camera performed significantly bet-
ter than the floodlight-illuminated configurations.
Images obtained with it are shown in Fig. 8 at ranges
of 0.99, 2.6, and 4.0 AL. The system had no trouble
imaging at all degradations through level 4 water
(0.99-3.2 AL). Imaging was still possible at 4.0 AL
(level 5); however, the backscatter limit was judged to
occur beyond that point. The results with the flood-
laser-illuminated SIT camera were similar to those of
the raster-scanned laser. In that system the diverg-
ing laser beam had nearly the same dimensions as the
raster-scanned laser. The diverging laser does, how-


ever, form a Gaussian intensity profile on the target,
while the scanned laser creates a more uniform
illumination. In both laser-illuminated SIT configu-
rations the improvement over the floodlight illumina-
tion can be attributed to the well-defined beam shape
produced by the laser.


UWLIS
The performance of the UWLIS was superior to that
of any of the SIT configurations, with an ultimate
range of 6.3 AL. Imaging was attempted with the
UWLIS at all 10 levels of water degradation. Images
obtained at ranges of 1.8, 2.3, 3.2, 5.1, 5.8, and 6.3 AL
are shown in Fig. 9. At ranges up to 4 AL, only


(a) (b) (c)


(d) (e) (f)
Fig.9. Images produced by the UWLIS (S1). The conditions in which the images were made are (a) 1.8 AL (level 1), real-time frame rates;
(b) 2.6 AL (level 3), real-time frame rate; (c) 4.0 AL (level 5), eight-frame running average; (d) 5.1 AL (level 7), eight-frame running average;


(e) 5.8 AL (level 9),128-frame running average; (f) 6.3 AL (lovol 10),128-framo running average. The targot distance was 15.2 m in each
case.
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Fig. 10. Projected laser power required to image as a function of
range in four different grades of seawater, ranging from AL of 2-20
m. The three graphs correspond to (a) real-time imaging rates, (b)
eight-frame running averaging, and (c) 128-frame running averag-
ing.


real-time imaging (30-Hz frame rate) was used in
recording and displaying the images. Beyond this
point, running frame averaging was used to reduce
image noise. The number of frames averaged was
selected to reduce the noise to the point that it was
not visually noticeable. This again was a subjective
judgment. Between 4 and 5 AL a running frame
average of 8 frames was used. Between 5 and 5.7


AL, a 32-frame running average was used to reduce
shot noise. It should be noted, however, that an
8-frame running average produced usable (although
noisier) images at ranges up to 5.5 AL. This is
important, since there may often be a trade-off be-
tween image noise and the amount of platform mo-
tion that is tolerable. Finally, at ranges between 5.8
and 6.3 AL, a 128-frame running average was selected
to produce a visually clear image.


Although particulate scattering did not have a
significant impact on the system range, there was an
apparent loss in image contrast at the lowest water
carities (e.g., the images obtained at levels 9 and 10),
which results from the spread in the laser beam
caused by forward scattering and by backscatter.
Because the IFOV has a divergence that is 10 times
that of the laser, the system resolution is determined
primarily by the laser spot size. In typical ocean
waters, where the narrow-angle forward scattering is
stronger than with the Maalox/Nigrosin mix, it is
possible that the spatial-frequency degradation will
be greater than that observed in the test.


Range Extrapolations
By using the results of the tank tests and Eq. (4), the
performance of the UWLIS can be extrapolated to
longer physical distances. The results of these ex-
trapolations are shown in Fig. 10. Each graph indi-
cates the laser power required for imaging to be
permitted as a function of a physical target range
under four different water qualities. The graphs
differ in the number of averaged frames that are
assumed. In all cases the calculations indicate the
laser power required for a S/N to be produced that is
equal to that measured in level 10 water at a 128-
frame running average. Thus, if real-time frame
rates are assumed (i.e., no averaging), a similar S/N
can be expected at a physical range of 52 m in 15-m
AL water, when a 7-W laser is used. Similarly
ranges of 60 and 70 m are predicted when a 8- or
128-frame running average in 15-m water if 7 W of
laser power are used.


Conclusion
The test results indicate that the UWLIS is capable of
extending the underwater imaging range beyond that
attained by several variations of the conventional
floodlight-illuminated SIT camera system. The ulti-
mate range achieved for this type of system is deter-
mined by the laser power, optical collection geometry,
and the degree of frame averaging that is used.
Specific observations concerning the implementation
of this system are summarized as follows:


(1) As with other imagers based on cw lasers, the
UWLIS will require a large amount of power (10 kW)
to operate. This will be reduced as the development
of high-power, blue-green, diode-pumped lasers oc-
curs.


(2) The high scan rates of the UWLIS permit
real-time video imaging to ranges of 4 AL. The
frame averaging used beyond that point will limit the
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amount of platform motion that can be tolerated
while clear images are being made. Preliminary
tests were carried out at the tank test in which
moving objects were imaged. They indicated that
image motion such as that which might be expected
on a slowly moving ROV can be tolerated at up to an
eight-frame running average, which permits usable
imaging at ranges up to 5.5 AL. At higher levels of
averaging, it will be necessary that the platform
remain stationary.


(3) Mechanical limitations of the horizontal scan-
ner limit the present imager to a horizontal FOV of
18°. Improved resonant scanners permitting me-
chanical sweeps of up to 300 are now available. In
addition, multiple-reflection scan configurations may
permit optical scans of up to 60° to be achieved at the
present scan rates.


(4) The two-dimensional scanning UWLIS is suit-
able for operations in which the platform is to remain
stationary or is to move in a random fashion. This
may be contrasted with a line scanner, which is suited
to wide-swath searches from a towed platform.
Ultimately it seems logical to produce an imager that
is capable of both modes of operation since they share
many of the same optomechanical components.


This research was performed under the auspices of
the U.S. Department of Energy by Lawrence Liver-
more National Laboratory under contract W-7405-
ENG-48.
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