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 The Combined Laser and Scan Sonar (CLASS) system is an extended range 

imaging system, incorporating both high-resolution laser images and high frequency 

sonar images.  Both the laser and sonar images are collected simultaneously during 

testing to provide dual mode imagery of an underwater target, displaying both a 2D 

image of the target (laser image) and a 3D overlay of the target (sonar image).  The laser 

component of the system is a Multiple Overlapping Field of view Serial Laser Imager 

(MOFSLI), capable of generating high-resolution sub-centimeter 2D images.   MOFSLI 

generates the images by way of a near diffraction-limited 532 [nm] continuous wave 

(CW) laser beam being scanned over the target.  Initial field tests resulted in high-quality 

images of the ocean floor, but also indicated the need for additional research on MOFSLI.   

In this thesis, we focus on the calibration of MOFSLI and on the evaluation of the image 

quality generated by this system, as a function of range, source power, receiver 
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gain and water turbidity.  This work was completed in the specialized underwater electro-

optics testing facility located in the Ocean Visibility and Optics laboratory at Harbor 

Branch Oceanographic Institute (HBOI).  Laboratory testing revealed the operational 

limits of the system, which functioned well until just beyond five attenuation lengths, 

where it becomes contrast limited due attenuation of target signal and the collection of 

non-image bearing backscattered photons. Testing also revealed the optimal settings of 

the system at given environmental conditions. 
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1.  INTRODUCTION 

 Starting in 2012, Dr.  Beaujean (Department of Ocean and Mechanical 

Engineering) and Dr.  Dalgleish (FAU HBOI) developed a proof-of-concept for a 

Combined Laser and Scan Sonar (CLASS) system, ultimately capable of combining very 

high-resolution, mid-range (10-30m) laser images and lower-resolution high-frequency 

acoustic images [1].   Figure 1 shows a rendering of the CLASS system [1]. 

 

Figure 1: Diagram of CLASS System. 

 The laser component of the system is a Multiple Overlapping Field of View Serial 

Laser Imager (MOFSLI), developed at HBOI [1].  MOFSLI generates high-definition 

sub-centimeter 2D images.  The sonar technology used in the CLASS system is an 

EdgeTech Swath Bathymetry Scan Sonar (SBSS), unique in that it actually produces 3D 

images of the seafloor [2].  When an actual survey is run, the two images are overlapped 

using HYPACK, with the objective of producing a high-definition sub-centimeter 3D 

image of the ocean floor [1]. 

Laser 
Housing 

 

Receiver 
Housing 

 

Sonar 
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 MOFSLI generates the images by projecting a narrow scanned laser beam to  the 

consecutive target elements, the reflection from which is collected in a time series by an 

overlapping linear array of highly sensitive, fast Photo-Multiplier Tubes (PMTs), at a rate 

of up to 3 megapixels per second.   The MOFSLI system is unique in that it allows for the 

individualized control of the gain of each of the PMTs.  It is an enhanced form of a 

minimal moving parts laser line scan (LLS) system, which runs a synchronous swath 

pattern over the ocean floor, producing a serially-generated grayscale image of the ocean 

floor via a 532 [nm] green laser [3].  These grayscale images display high contrast of 

objects on and near the ocean floor, allowing operators to identify surveyed objects. 

 The CLASS prototype was developed at HBOI and taken into the field to test its 

overall effectiveness.  An ocean trial was performed on January 4th, 2013 [1].  It should 

be noted that this work was done in what can be considered nearly ideal coastal 

conditions.  These settings included a low attenuation coefficient c(λ) = 0.25.  The tests 

were performed in approximately 8 [m] of water (z = 8).  Thus, the system was run at two 

attenuation lengths (cz = 0.25*8 = 2).  With these given conditions, identification-quality 

images, such as the images shown in Figures 2 and 3, were produced [1] . 
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 Not only were bottom profiles examined, but also images of optical targets were 

taken as well during testing.  These images, showing very high contrast, produced high 

quality results as shown in Figure 4.  

            
            Figure 4: MOFSLI image of optical target 

Figure 2: Identification-quality image of fish. 

Figure 3: Additional underwater image. 
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2. OBJECTIVES AND CONTRIBUTIONS 

2.1 Motivations 

 One of the most commonly used image-collecting setups includes strobe (lights) 

and cameras.  However, these systems have shown to be especially susceptible to turbid 

water conditions, becoming completely contrast limited within two or three attenuation 

lengths as a results of a combination of forward scattering and backscattering.  In more 

turbid waters, back-scattering and forward-scattering can cause major issues with optical 

systems.  According to Dalgleish et al [4], one way to reduce the collection of scattered 

photons, it is necessary to reduce the overall FOV of the detector through the use of 

serial-scanning imaging techniques.  LLS systems were developed as a way to restrict the 

FOV without limiting the total swath.  The combination of telescopic detector optics with 

good collection efficiency and a very sensitive detector, such as a photomultiplier tube 

(PMT), commonly used in LLS are designed to maximize sensing of resolution element 

photons.  Although considered one of the more effective optical imaging systems, 

previous research has shown that LLS systems only perform well in a narrow range of 

conditions[4] [5].  There is also the issue of many moving parts on the system, through 

MOFSLI is a prototype design which attempts to minimize the number of moving parts. 

 Initial field tests resulted in high-quality images of the ocean floor, but also 

indicated the need for additional research on MOFSLI [1].  Initial testing of the MOFSLI 

system was performed in clear coastal conditions (c(532nm) = 0.25m^-1), which did not 

fully evaluate the performance of this system.  For the system to be viable for high 
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resolution imaging tasks at extended ranges, e.g.  to identify various corals and other 

indigenous reef inhabitants, it must be able to generate sub-centimeter image resolution 

in more turbid coastal conditions. 

 

2.2 Objectives 

The overall objectives of this thesis are to evaluate the overall quality of the images 

generated by MOFSLI by: 

1. Determining the limits of the MOFSLI system in terms of performance changes as 

a function of turbidity, distance, receiver sensitivity and source power. 

2. Determining the optimal settings of the MOFSLI system, pertaining to laser 

power, receiver gain, and system orientation, based on the environmental 

conditions. 

3. Evaluating the contrast and signal-to-noise ratio of images collected. 

4. Determine how LLS system compares to more commonly used strobes and 

cameras. 

 

2.3 Approach  

 To improve the quality of the images generated by MOFSLI, a detailed 

calibration and performance evaluation of MOFSLI was executed in a specialized 

electro-optics and LiDAR particle suspension test facility, located in the Ocean Visibility 

and Optics Laboratory at the Harbor Branch Oceanographic Institute (HBOI).  This 

environment allowed for carefully controlled testing conditions.  During testing, the 

following characteristics of the system and environment varied: The laser power output, 
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the voltage gain of the PMTs, the distance between the laser and the target, and the 

turbidity of the water within the tank.   

 

 
2.4 Scientific Contributions 

 Rigorous calibration of this imaging device was accomplished through optimizing 

both the laser and receiver angles for a certain distance, as well as determining the proper 

gain to be used based on monitoring of the received signal levels.  Such approaches are 

critical if one wants to increase the overall effectiveness of the system.  This type of 

imager has numerous uses that can aid scientific advancements, anything from studying 

underwater habitats to mine countermeasures to inspection, surveillance and 

reconnaissance missions [1] [5]. 
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3.  LITERATURE REVIEW 

 

 Although the physics of light propagation in sea waters are well understood, 

underwater laser imagery cannot yet be considered a mature field of research, with the 

coming of new semiconductor, solid state and fiber amplified laser technologies and 

materials open new capabilities [6].  Research Laboratories at the Naval Surface Warfare 

Center (NSWC), the Massachusetts Institute of Technology (MIT), Woods Hole 

Oceanographic Institute (WHOI), SCRIPPS and FAU-Harbor Branch Oceanographic 

Institute (HBOI) have made significant contributions to this field of research [5] [7] [8] 

[9] [10].   

 With exploring the ocean floors becoming more and more pertinent to science 

over the last few decades, there has already been much work in trying to find ways to 

improve upon underwater imaging [11].  Strand [5] designed a test plan with the purpose 

of taking environmental noise impacts on underwater image generation and quantitatively 

evaluating them.  To perform the experiment, an electro-optic identification sensor was 

implemented, along with a Nd-YAG (Neodymium doped-Yttrium aluminum garnet) laser 

and PMT setup.  Strand went on to explain that LLS systems work in a unique way in 

that they create a digitized pixel that is collected by the PMT, which corresponds to the 

pixel on the target the laser was focusing on at the time.  For this testing, multiple targets 

of known reflectance were used.  After explaining that backscatter noise is a result of 

photons that are scattered back to the PMT without ever reaching the target, Strand 

showed his ability to exploit this by changing the target reflectivity over multiple tests.  
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Because the backscattered photons never reached the target, changing the target 

reflectivity would not change the backscattered photon flux.  This implies that these 

backscattered photons have no information about the target, which is why they can only 

be detrimental to the results [5].   

 Strand next turned his focus to the forward-scattered photons, which first reach 

the target before being scattered on the return to the PMT.  This scattering could cause a 

distortion (blur) to the image, since the returning photons have changed direction, and 

hence arrived out of line from where they hit the target.  Strand was able to image these 

by focusing his laser on the center of the target, and any photon received that were more 

than 2.54 [cm] (1 [in]) from the center of the target was regarded as forward-scattered.   

Equations were generated that were used to determine both the forward-scattered and 

backscattered photon flux values.  The results indicated that in a tighter receiver (PMT) 

configuration, backscattering was more prominent than forward-scattering, while in a 

looser receiver configuration, forward-scattering becomes more prominent.  Strand’s 

work provided concrete testing procedures to isolate forward-scattered and backscattered 

photons within the received signal, as well as a potential concept of how the receiver 

configuration affects the scattering [5]. 

 Even though the MOFSLI system has never been calibrated for depths and 

turbidity levels, there has been quite a bit of similar work done in this area over the last 

few decades.  Dalgleish et al.  [12] set out to determine if there was a major difference 

between continuous wave (CW) and pulse-gated (PG) LLS in terms of the system's 

ability to handle high levels of turbidity in the water.  They came up with two methods 

that they believed could improve the quality of the images being generated.  One method 
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involved oversampling each pixel of the image, which would improve the image contrast, 

though at the cost of the image resolution.  This method would be useful for a CW laser.  

The other method involved range-gating, which effectively synchronized the source and 

receiver in time domain.  This method was meant for pulsed lasers, and works very well 

in terms of limiting backscatter, though is still susceptible to increased forward-scatter 

[12].   

 Theoretical models indicated that pulsed laser imagers should produce better 

results than CW lasers, and their job was to prove or disprove the model.  The authors 

completed a series of experiments in the HBOI optical imaging test tank to verify if this 

was indeed the case, using a contrast ratio and contrast signal-to-noise ratio analysis [12].  

After running tests covering various target reflectivity levels in turbid conditions, using 

both CW and pulsed laser imagers, images were generated that sufficiently proved the 

proposal that pulsed laser imagers handled higher turbidity levels better than CW lasers.  

However, the measurements were completed using a specific laser configuration, and 

required further testing to evaluate the system accuracy.  
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4.  SCIENTIFIC BACKGROUND 

4.1 Optical Properties of Water 

4.1.1 Radiative Transfer Theory 

 To properly perform this research, it is essential to understand how light passes 

through water, and how suspended particles in the water affect light's ability to travel 

through water.  The physical process of this light propagation is governed by the radiative 

transfer equation.  Although it can be derived, this equation is generally far too complex 

to solve numerically [13][14].  However, in the case of ocean environments, there is a 

way to simplify this equation, using the small angle approximation (SAA) [15].   

 SAA is a simplification of basic trigonometry functions, based on Taylor series 

expansions [16].  SAA can be used to generate an equation that expresses the lateral 

dispersion of a beam of light as it passes through a medium [15] [17].  SAA is commonly 

used for optically dense media, such as media with high levels of suspended particulates.  

Applying integral transform techniques to the resulting equation produces the Modulation 

Transfer Function (MTF) F(ψ,r) of the medium (ψ is the spatial frequency in cycles per 

radian, r is the range) [15].  The Point Spread Function (PSF) f(θ,r) is used to predict the 

level of blur that will degrade an image, based on the water quality of the surrounding 

medium [16].   

 The MTF is the Fourier transform of the PSF [17].  These two functions are 

related to each other via the Hankel transform pairs, which are formed via a reduction of 

the two-dimensional Fourier transform [16], 
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where J0 is the zeroth-order Bessel function and θmax is the half-angle of the field of view 

of the detector.   

 In the physical world, it is common practice to break down the radiative transfer 

equation into physical properties of water.  Optical properties of water are commonly 

divided into two groups; inherent optical properties and apparent optical properties [18]. 

 

4.1.2 Inherent Optical Properties and Apparent Optical Properties 

 Inherent optical properties (IOPs) are properties of the medium that are 

independent of the ambient light field [18], [19].  What this means is that certain 

properties that will be consistent regardless of whether or not ambient light is present 

within the system.  These properties consist of absorption and scattering properties of the 

medium.  When a photon interacts with a suspended particle within a volume of water, it 

can be either absorbed or scattered.  If it is absorbed, it is removed entirely from the 

medium.  If it is elastically scattered, its path is redirected in another direction within the 

medium.  The photon will also lose energy when scattered inelastically [19].   

  The fundamental IOPs for these processes are the absorption coefficient a(λ) and 

the volume scattering function β(ψ,λ), respectively.  λ is the wavelength of the light 

within the medium and ψ is the scattering angle.  There are other important inherent 

optical properties within a system, but they can be defined using these values.  These 
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include the scattering coefficient b(λ), the beam attenuation coefficient c(λ), the single-

scattering albedo ω0(λ), and the phase function ),(
~

λψβ .  All of these are crucial for 

defining the Radiative Transfer Equation (RTE), which uses both inherent and apparent 

optical properties to predict how light will propagate in water [19]. 

 To determine the absorption, scattering, and beam attenuation coefficients, one 

must first look into the equation for total incident power Φi(λ) within a volume of water, 

   )()()()( λλλλ tsai Φ+Φ+Φ=Φ ,    (3) 

where Φa(λ) is the total power absorbed within the medium, Φs(λ) is the total power 

scattered within the medium, Φt(λ) is the total power transmitted within the medium [19].  

From this equation, the spectral absorptance A(λ), which refers to the amount of incident 

power  that is absorbed within the medium, can be written as  
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 It follows that the spectral scatterance B(λ), which refers to the amount of incident 

power  scattered within the medium, can be written as 
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 The spectral transmittance T(λ), which refers to the amount of incident power that 

is unchanged as it passes through the medium, can be written as 
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 From these values, the absorption, scattering, and attenuation coefficients can be 

easily determined.  The absorption coefficient a(λ) [m-1] is known to be  
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and the scattering coefficient b(λ) in [m-1] is known to be 
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 The beam attenuation coefficient c(λ) is simply a combination of the absorption 

and scattering coefficients, written as  

        )()()( λλλ bac +≡ .    (9) 

 From these values, it is simple to determine the single-scattering albedo ω0(λ).  

This property is defined as the likelihood that a photon moving through the medium will 

be scattered instead of absorbed upon striking a suspended particle, and can be written as 
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 If one assumes the suspended particles within the water are randomly situated 

thanks to the turbulent motions of the water, and that the ambient light field within the 

water column is not polarized, the scattering within the medium depends only on the 

scattering angle ψ [19].  Figure 5 shows the geometry of the IOPs, courtesy of [19]. 

 

 
Figure 5: Geometry of IOPs. 
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Based on these assumptions, one can state that B(ψ,λ) is the amount of incident 

power scattered out of the beams path through an angle ψ into a solid angle ΔΩ centered 

on ψ [20].  One can therefore define the angular scatterance per unit distance and unit 

solid angle β(ψ,λ) in [m-1][sr-1], as 
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where Is is the spectral radiant intensity.  It can be perceived that 

    ∆Ω=Φ ),(),( λψλψ ss I ,          (12) 

and the corresponding incident irradiance Ei(λ) is  

             ∆ΑΦ= /)()( λλ iiE .    (13) 

Observing that the illuminated volume of water ΔV can be written as 

     ∆Α∆=∆ rV .     (14) 

One can then state that the angular scatterance per unit distance and unit solid angle can 

be rewritten as 
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Taking this value and integrating over all solid angles reveals the scattering coefficient as 

   ∫ ∫
Ξ

=Ω=
π

ψψλψβπλψβλ
0

sin),(2),()( ddb    (16) 

This value can be separated into forward-scattering bf(λ) and back scattering bb(λ) 

components [20] 
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Determining all these variables finally results in the ability to find the volume scattering 

phase function ),(
~

λψβ in [sr-1], 
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Figure 6 displays of diagram of the VSF, courtesy of [20]. 

 
Figure 6: Geometry of the Volume Scattering Function. 

 

 Apparent optical properties and dependent on the ambient light field [21].  

Because testing for this research will be done within a test tank, the testing will be in a 

controlled environment, and these properties will not be much of a factor.  In an 

uncontrolled environment, these properties include incident radiance (upwelling and 

down welling), sea state, and bottom conditions, to name a few.  Also notable are the 

various attenuation functions, also known as K-functions [18].   
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4.2 Scientific Background on Lasers 

4.2.1 General Information on Lasers 

 Before going into specifics about the MOFSLI system, it is important for one to 

understand exactly what a laser is.  The term laser is actually an acronym for Light 

Amplification by Stimulated Emission of Radiation [22].  Lasers have three specific 

properties that make them more dangerous than ordinary light.  They are monochromatic, 

meaning they have only one wavelength (color), while ordinary light covers a broad 

spectrum of wavelengths [22].  They are directional, meaning they are focused on one 

specific point or area, while ordinary light is radiated from the light source in all 

directions [22].  Finally, they are coherent, meaning the laser wave is in phase in space 

and time, while ordinary light is non-coherent [22].  The MOFLSI laser is a gem 532 

[nm] continuous wave green laser, developed by Laser Quantum [23]. 

 All lasers have four common components, though their actual design varies.  All 

lasers have an active medium, which can be a solid, liquid, gas, or semiconductor.  All 

these mediums contain atoms whose electrons can be excited to a metastable energy 

level, thanks to an excitation mechanism.  These mechanisms can be chemical, electrical, 

or optical, and will connect to an anode/cathode setup.  Finally, all lasers have two 

mirrors.  One mirror reflects 100% of the light, while the other allows a certain amount of 

light to pass through.  The light passing through this second mirror is the laser beam [22].  

A typical diagram of a laser (here, a Helium-Neon laser) is shown in Figure 7 [24]. 
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Figure 7: Diagram of a Helium-Neon laser. 

 When the energy from the power supply is applied to the medium, the electrons 

within the medium become unstable, and enter a metastable state.  In order for lasing 

action to occur, the majority of the electrons in the medium must reach this state (this is 

known as a population inversion).  Lasing action occurs when an electron produces a 

photon as a result of going directly from the metastable state to ground state.  The initial 

photon produced will have a specific wavelength, and reflection of the mirrors causes all 

subsequent photons to have the same wavelength.  The photons reflecting between the 

mirrors causes the lasing action to continue as the photons go back and forth between the 

mirrors [22]. 

 In a general sense, there are two types of lasers; continuous-wave output and 

pulsed output.  As their name suggests, continuous-wave lasers operate at a constant 

power over time.  Pulsed lasers, on the other hand, operate on a pulsed power over time, 

which is to say the laser generates a beam of constant power at a set frequency over a set 

time.  It should also be noted that a continuous-wave laser can be made to act like a 
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pulsed laser by turning the laser on and off at regular intervals.  It is common practice 

that when one is attempting to create a prototype device that requires lasing, one will test 

with both continuous-wave and pulsed lasers, in order to determine which type of laser is 

more effective for the specific task [22][25].  MOFSLI will be operating as a CW laser.  

In the future, it will likely be reconstructed using a pulsed laser, in order to compare the 

results of the two laser systems. 

 

4.2.2 Laser Power and Safety Issues 

Lasers are classified by three major criteria; wavelength, average power output, 

and total energy per pulse (for pulsed lasers) [22].  Using these criteria, lasers have been 

broken up into five classes used to identify how dangerous the laser is.  Depending on 

which class the laser is in, certain safety measures may need to be taken.  These measures 

include eye protection (goggles), skin protection (protective clothing and gloves), and 

proper ventilation [22]. 

Class 1 lasers (less than 0.4 [µW]) are the safest lasers available.  They are 

commonly used in basic physics laboratories (for students), and are not a skin, eye, or fire 

hazard.  Next are class 2 lasers (0.4 [µW] to 1 [mW]), which emit the visible (VIS) 

spectrum (0.4 [µm] to 0.7 [µm]).  These lasers are not a skin or fire hazard, and are not 

harmful to the eyes as long as one does not look directly into the beam for too long.  

Class 2 lasers are commonly used for machinery alignment or optical experimentation 

[22]. 

Class 3 lasers are broken up into two sub-classes.  Class 3a lasers are slightly 

more powerful, with an average power output of 1 [mW] to 5 [mW].  Although these 
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lasers are not usually a skin or fire hazard, they can be hazardous to the eyes if one looks 

directly into them.  After this class, lasers become much more hazardous.  Class 3b lasers 

are far more powerful then 3a lasers, with a average power output ranging from 5 [mW] 

to 500 [mW].  These lasers can easily cause eye and skin damage, though are not 

generally a fire hazard [22].   

Finally, class 4 lasers are the most powerful lasers available, with average power 

outputs greater than 500 [mW].  They are also the most hazardous of lasers, easily 

causing eye and skin damage, while also being a fire hazard.  These lasers can also 

generate hazardous airborne contaminants, so proper ventilation is paramount when one 

operates these lasers [22], [25].The MOFSLI laser is a class 4 laser, so all necessary 

precautions need to be taken every time the laser is operated.  To safely operate the laser, 

it was necessary to complete a laser safety training course, offered by the Environmental 

Health and Safety program at the Florida Atlantic University [22]. 
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5. METHODS AND MATERIALS 

5.1 MOFSLI System Description 

The MOFSLI system is comprised of several major components.  The central 

component is the computer, which is used to control the system, as well as store and 

process the collected data.  Connected to the computer are several instrumentation 

housings.  The transmitter housing is connected to the host computer by way of a Digi 

Edgeport USB-to-serial converter using RS232 serial ports.  The battery housing is also 

connected directly into the transmitter housing via two power cables (8 pins and 10 pins), 

and is used to power the transmitter housing.  It should also be noted that when scan jobs 

are loaded into the transmitter housing, the computer is connected via Ethernet cable 

directly into the housing.  This can only be done when the housing is out of the water, as 

the Ethernet cable is not waterproof. 

The receiver housing is also connected to the computer, using two converter 

boxes.  The first is again the Digi Edgeport converter.  The second is a National 

Instruments data acquisition system (NI-DAQ), connected via four coax cables, that 

works by taking measured physical conditions and converting the results into digital 

numeric values, which can then be processed by the computer.  The receiver housing is 

connected directly into a 12V DC power supply, which powers the housing.  The 

transmitter housing holds the laser system, while the receiver housing contains the PMT 

setup.  The block-diagram shown in Figure 8 provides a visual layout of the experimental 

setup.  Additional instrumentation was necessary for some of the testing, such as a 
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WETLabs AC9 (model #287) transmissometer used to measure the beam 

attenuation and absorption coefficients in the water. 

 
Figure 8: Block diagram of the system. 

  

 During the original field tests presented in [1], the transmitter and receiver 

housings were mounted onto the bracket shown in Figure 9.  The separation between the 

transmitter and receiver housings was 1.13 [m].  Figure 9 also depicts the sonar system, 

which would be used during field tests, but was not used during this calibration process. 

 

 
Figure 9: Rendering of MOFSLI system for sea trials. 
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This mounting bracket was originally designed for boat use, while in this thesis the 

calibration took place in a test tank.  To simulate both near-field and far-field conditions, 

testing took place at offsets of 4 [m] and 8 [m] within the test tank.  A standing bracket 

was designed to deploy MOFSLI in the test tank (Figures 10 and 11). 

 
Figure 10: Rendering of MOFSLI setup for tank testing. 

 

   
Figure 11: Completed MOFSLI setup for tank testing. 
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5.2 MOFSLI Transmitter Housing  

 Housed inside the transmitter housing is a 1[W] 532 [nm] continuous wave laser, 

developed by Laser Quantum.  Previous modifications were made to the system to better 

suit the MOFSLI prototype [1].  The laser beam could be directed at various angles by 

way of a scanning galvanometer mirror.  This mirror can make very fine adjustments 

(0.2365˚) to the along-track (slow-axis) angle of the laser scan, controlled via a single-

board real-time control system called EC1000.  Each adjustment are corresponds to a 

laser scan job designed to operate the laser at a specific angle.  The implement and choice 

of the proper laser scan jobs will prove to be of vital importance later in the thesis.  The 

computer communicates with the EC1000 via an Ethernet connection to send scanning 

commands. Figure 12 shows the transmitter housing with the laser turned off, while 

Figure 13 shows the housing with the laser turned on. 

 

 

Figure 12: Transmitter housing - laser turned off. 



24 

                                 

  Figure 13: Transmitter Housing - laser turned on. 

 

5.3 MOFSLI Receiver Housing 

 The MOFSLI receiver housing contains four collector assemblies, arranged in an 

overlapping linear array of telescopes, as shown in Figure 14.  The current design can be 

considered as a subset of a very wide angle system currently under development.  The 

field-of-view of each telescope is fan-shaped due to the location of a slit aperture at the 

focal point of a F/0.8 lens, which is followed by the photocathode of the PMT.  Note that 

the F/0.8 refers to the speed that the lens collects light [26].  Each telescope successively 

focuses the collected photons reflected from a successive target region onto a 

photocathode to form an image.  These PMTs, model Hamamatsu R9880U-210, are 

extremely sensitive to a broad spectrum of light (ultraviolet, visible, and near-infrared), 

making them ideal for collecting reflected laser light [1].  This light is collected in the 

form of photons, and then converted to an electrical signal.  However, to block out-of-

band light with an extinction ratio of 10-5, each 50 [mm] diameter PMT assembly uses a 3 
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[nm] full width at half maximum (FWHM) interference filter manufactured by Materion.  

This interference filter The central wavelength of this filter is 532 [nm]. 

 

 
Figure 14: Open receiver housing displaying the PMTs. 

 

 Throughout the paper, the four collector assemblies are referred to simply as 

PMTs, but they are actually made up of a band pass filter, slit aperture, lens, and the PMT 

itself.  The band pass filter only allows certain wavelengths of light to pass though, thus 

filtering out light not originating from the green laser source.  The slit aperture works to 

further reduce the amount of light reaching the PMT.  By reducing the amount of light 

reaching the sensor, the slit apertures helps to cut down both forward scattered and back 

scattered laser light [1]. 

The collector assemblies were positioned in such a way that they would have 

overlapping fields of view, with of total cross-track field of view of ±16˚.  The horizontal 

swath, based upon this angle, was 2.29 [m] for the 4 [m] test, and 5.58 [m] for the 8 [m] 

test.  The vertical beam width for the scanning of a single line measured approximately 
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1.5 [mm] at 8 [m].  The vertical swathe (along-track or slow-axis) range of the system is 

30.745˚.   

 Finally, though it will be discussed in much greater detail later, the gain of every 

PMT was adjusted during testing.  In this thesis, the PMT are operate at four voltages; 

600 [V], 650 [V], 700 [V], and 750 [V].  These values were used throughout testing 

(again, explained later in the report), but actually relate to the supply voltage.  The actual 

gain values are found using Figure 15.  From this chart, rough estimates are that the gain 

corresponding to 600 [V] is 2.5*104, 650 [V] corresponds to 5*104, 700 [V] corresponds 

to a gain of 105, and 750 [V] corresponds to a gain of 1.75*105.  Note that traditionally 

PMT gains have units of dB, but since this setup shown in Figure 15 involves linear gain, 

there are no units. 

 
Figure 15: Typical gain of PMTs. 

 

5.4 MOFSLI Battery Housing 

 As previously noted, the battery housing was used to power the transmitter 

housing.  The housing holds 12 rechargeable lithium-ion batteries, and shown in Figure 

16.  The batteries are model NL2024HD22 from Ocean Server (battery manufactured by 
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Inspired Energy).  Internal battery specifications include energy of 95Wh, average 

voltage of 14.4V, and capacity of 6.6 Ah [27]. 

 

 

Figure 16: MOFSLI battery housing. 

           

5.5 Additional Testing Instrumentation 

 To complete all the necessary testing for this project, additional equipment was 

needed.  A WETLabs AC9-287 transmissometer (Figure 17) was used to measure the 

beam attenuation and absorption coefficients, specifically for the laser wavelength (532 

[nm]) [28].  The transmissometer was not only necessary during turbidity testing, but was 

also run during clear water testing to help establish some baseline attenuation and 

absorption coefficient readings for the test tank.   
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Figure 17: AC9 transmissometer. 

    
 Also required for this project was a laser power meter.  When controlling the 

MOFSLI, it was quite simple to adjust the laser power through PuTTY.  However, the 

way PuTTY was set up involved laser commands that did not specifically indicate the 

laser power.  The laser commands were written as "laser 0.5," "laser 0.55," and so on all 

the way to "laser 1.5." But these values did not relate specifically to power (i.e.  laser 0.5 

does not correspond to 0.5W).  Thus, to accurately run the tests, a laser power meter was 

used to measure the power output of the laser at each of the possible power levels 

commands prior to testing.  The results of this test are also shown in Table 1. 
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                  Table 1: Laser Power Readings. 
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6. EXPERIMENTATION 

6.1 Testing Targets 

 This project required the use of both a background target as well as technical 

targets.  The background target was a 6.096 [m] long x 55.88 [cm] wide x 4.7625 [mm] 

thick sheet of aluminum.  It was created by welding four rectangular sheets of aluminum 

together.  For added support (as well as a mounting surface), a hollow box beam was 

attached down the middle of the target, as depicted in Figure 18.  Five rows of mounting 

plates were attached along the backside of the box beam, as shown in Figure 19, to ensure 

ample availability for support beams (L-beams) for the target. However, only two support 

beams were needed for testing.   

 

 
Figure 18: Diagram of mounted target. 
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Figure 19: Built background target with mounting plates. 

 

 After the target was built, it was coated with a black epoxy, in order to ensure 

uniform (and minimal) reflection.  Two 2.44 [m] long aluminum L-beams were cut and 

coated with the same epoxy, to act as support beams.  The support beams were attached 

to the mounting plates, and the target was suspended in the tank, with the support beams 

connecting to the existing catwalk via C-clamps.  The C-clamps offered plenty of 

support, and were fairly easy to remove, which was important for testing, as the target 

needed to be moved up and down quite frequently during testing.    

 Due to the weight of the target, a modular crane (Figure 20) located in the laser 

laboratory was used during testing for adjusting the target up and down as needed.  The 

target was hooked up to the crane using a rope system, adjusted as necessary, then 

clamped back into place.  The support beams were pre-measured and marked at the 

appropriate depths for easy adjustments during testing. 
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Figure 20: Standing Crane used for moving MOFSLI and Target. 

 

 The MOFSLI system also required the use of the crane to be put into place for 

testing.  This was much more complex than the targets, as the MOFSLI was freestanding 

in the tank, and required tag lines to help get it into place.  The system had to be taken in-

and-out of the water periodically, as the coaxial cables that connect to the receiver 

housing are porous, meaning they will steadily cause the housing to lose pressure, and 

limiting the length of time the system can stay underwater (about four days maximum).  

Both the transmitter and receiver housings were pressurized to ensure no water enters and 

damages the equipment. 

 The background target was necessary to ensure the backdrop behind the technical 

targets was uniform, in order to maintain consistent testing conditions.  The technical 

targets were the real focus of this testing, designed to prove how changing the 

environmental conditions would affect the PMTs abilities.  The testing took place at two 

offset distances; 4 [m] and 8 [m] from the front of the MOFSLI transmitter housing to 

target.  The varying distances simulated different depths in the water column.  The result 
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of this was two laser swath sizes, which were 2.29 [m] for the 4 [m] test and 5.58 [m] for 

the 8 [m] test.   

 Due to the different swath scan sizes, different targets were designed for the 4 [m] 

and 8 [m] tests.  There were four targets used for each test, one placed in the center of 

each PMTs field of view.  The targets were made of an aluminum composite - two thin 

pieces of aluminum sandwiching a piece of hard plastic.  Printed on these targets were a 

series of vertical bars, alternating between dark and light bands (their reflectance values 

would later be determined to be 3.4% and 26.6% respectively, as explained in the results 

section) with a band thickness ranging from 1 [mm] to 25 [mm].  This layout allowed for 

the determination of image contrast ratio and contrast signal-to-noise ratio, two metrics 

showing how the smaller bars gradually become unresolvable as the turbidity levels and 

associated scattering levels increased.              

 The targets for the four meter tests measured 34.9 [cm] long x 27.6 [cm] wide.   

The target pattern alternated between black and white, and every other bar, the bar width 

decreased by 1 [mm], with a total of 25 bars printed on the target.  Figure 21 shows the 

computer-generated image of the 4 [m] target, while Figure 22 shows the completed 

target. 

 
Figure 21: Computer-generated image of 4[m] target. 
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Figure 22: Actual 4 [m] target. 

 

 The target for the eight meter test measured 97.1 [cm] long by 27.6 [cm] wide, to 

accommodate the increased swath size at 8 [m] offset.  For this wider target, the bar 

widths needed to be configured in a different manner to maximize the size of the target 

within the field of view.  The target was broken down in the following manner: 

 There were two bars each (1 dark and one light) for bars of widths 25 [mm] 

through 15 [mm], and four bars each for bars of widths 14 [mm] though 6 [mm].  There 

were six bars at the 5 [mm] width, eight bars at the 4 [mm] width, and ten bars at the 3 

[mm] through 1 [mm] bars.  The larger number of bars of identical width proved useful 

as the turbidity levels increased, to ensure proper reading of the maximum resolvable bar 

width.  On the bottom of the target shown in Figure 23 are markers showing the size of 

the bars.  Figure 23 shows the computer-generated image of the 8 [m] target, while 

Figure 24 shows the completed target. 

 
Figure 23: Computer generated image of 8 [m] target. 
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Figure 24: Actual 8 [m] target. 

 

 The technical targets were very light, so to attach them to the background target, 

stainless steel spring clamps were implemented.  Able to support 15.87 [kg]each, putting 

two clamps on each target provided sufficient support.  They attached at the top of the 

targets, clamping over both the background and technical targets.  Figure 25 shows the 

targets positioned for an 8 [m] test, with the spring clamps holding the upper corners of 

each technical target. 

 

 
Figure 25: 8 [m] targets clamped underwater for testing. 

 

6.2 Experimental Test Setup and Test Plan 

 Extensive testing of the MOFSLI system was completed by making adjustments 

to the following four parameters: the laser power output, the voltage gain of the PMTs, 
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the distance between the laser and the target, and the turbidity of the water between the 

laser and the target.  Testing was performed at laser powers of 101 [mW], 465 [mW], and 

891 [mW].  PMT gains of 600 [V], 650 [V], 700 [V], and 750 [V] were tested, resulting 

in 16-bit dynamic range images (anywhere from 1000 to 32000 digital counts in clear 

water).  These gains strictly came from the PMT (there was no amplifier used).  To 

simulate both near-field and far-field conditions, testing took place at offsets of 4 [m] and 

8 [m] within the test tank.  At each of the offset distances, two laser scan jobs were 

chosen.  Laser scan jobs refer to the behavior of the laser, which is being fired in a 

horizontal-line swath pattern going back and forth across the target (see Figure 27).   

Every scan jobs corresponded to a change in the vertical height of the laser scan on the 

target.  The cross track resolution of the images was 21642 pixels, while the along-track 

resolution was 5000 pixels.   

 Figure 26 shows an overview of how the experiment be set up.  The MOFSLI 

system was sitting on the bottom at one end of the tank, and the target was attached to the 

moving catwalk, so that the distance between the MOFSLI and the target could be 

adjusted by moving the catwalk.    
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Figure 26: Solidworks model of MOFSLI test setup. 

 

6.3 Controlling Ambient Light 

 The control of ambient light is crucial for this type of optical work.  Ambient light 

can significantly reduce the dynamic range and limits the PMT response. This could 

seriously alter the results, particularly during calibration work.  During the experiments, 

the major cause for concern was light scattering off the surface of the tank, an issue 

shown in Figure 27.  Aside from light originating from other light sources within the 

laboratory, reflection off the water-air interface from scattered laser light within the tank 

has been shown to degrade the accuracy of the results [12].  This is due to the fact that 

when light is scattered off the surface of the tank, it loses some of its intensity, and if it 

were to return within the PMT field of view, it lead to less accurate readings.  

MOFSLI 

Target on 
moving catwalk 
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Figure 27: Observing the reflection of the laser off the surface from the viewing 

window behind the system. 
 

 To handle this issue, the HBOI laser laboratory uses multiple layers of small black 

plastic balls spread all across the surface of the tank, as shown in Figure 28.  These balls 

are buoyant, so they stay on the surface.  The balls act as a baffle for the surface of the 

entire tank, meaning they prevent the spread of unwanted ambient light, as shown in 

Figure 29.  To further attempt to limit ambient light, the overhead lights were all turned 

off while testing took place. 

 

 

Figure 28: Plastic balls on the surface of the tank. 
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Figure 29: Balls acting as a baffle to remove ambient light. 

  

It is important to note, however, that it is impossible to eliminate stray light 

completely within a system.  In this case, as can be seen above, even though the balls are 

covering the surface of the water, there are gaps between the balls where light has the 

potential to reflect.  However, the balls are extremely effective, enough so that the optical 

noise was reduced to a tolerable amount. 

 As previously referenced, the MOFSLI receiver housing also has some built-in 

protection against ambient light.  The band pass filter only allows light of a certain 

wavelength to pass through it, thus eliminating any light that isn't from the laser, while 

the slit aperture (Figure 30) helps focus the collected light, lessening the likelihood of 

scattered (i.e.  non-image-bearing) photons affecting the results.   
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Figure 30: PMT slit aperture. 

 

6.4 Turbidity Levels in the Tank 

 Initial testing was representative of very clear coastal conditions.  After running 

the clear water testing, which established a baseline for the tank, the turbidity (which 

controls the attenuation coefficient c(λ)) of the water was adjusted by adding specific 

increments of ultrafine Arizona road dust.  A jar was filled with water and mixed with 32 

grams of the dust, well shaken, and slowly added into the tank (Figure 31).  A total of 

nine turbidity levels (including clear water) were tested, ranging in attenuation coefficient 

values from 0.12 [m-1] to 0.98 [m-1], correcting for scattering errors [29].  A WETLabs 

AC9 transmissometer monitored the spectral absorption and attenuation coefficients at all 

times during the experiment [30].    
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Figure 31: Preparing the Arizona Road Dust. 
 

 Water jets positioned around the tank were turned on during testing, keeping the 

current in the tank moving so as not to allow the suspended particles to settle on the 

bottom of the tank.  The jets were located just below the surface of the water, near the 

middle of the water column, and near the bottom of the tank, to ensure uniform flow.  

Since using the pumps could potentially lead to scattering errors due to larger particles 

entering the field of view, the measurements for the scattering coefficient collected using 

the WETLabs AC9-287 transmissometer were adjusted for scattering error according to 

Zaneveld [29]. 
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7. RESULTS 

7.1 Creating the Laser Scan Jobs 

 As previously noted in the transmitter housing section, the laser used during this 

experiment could be directed by the two scanning galvanometer mirrors to cover a wide 

cross-track swath(fast-axis), whilst allowing for along-track adjustments to intersect with 

the staring receiver array at the stand-off distance of interest (slow-axis).  This allowed 

for the creation of a series of scan jobs, as shown in Figure 32.  The laser coming out of 

the transmitter housing at different angles refers to different scan jobs, as directed by the 

galvanometer mirror.  

 
Figure 32: Transmitter housing showing different scan jobs. 

 

 To program the various jobs, Mini-Editor 3D (a software developed by 

Cambridge Technology) was implemented.  The Mini-Editor software was used to create 

all necessary laser scan jobs for the experiment.  The jobs were then uploaded through an 

Ethernet cable into the EC1000, the embedded control subsystem acting as the control 

Transmitter 
Housing 
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center of the transmitter housing.  This software could dictate the angular and velocity 

aspects of the laser scan job, from the speed of the scan to the size and direction of the 

scan to the number of times the job was executed, up until the system reached 

performance limits.  The Ethernet cable was not waterproof, so all necessary jobs had to 

be programmed into the EC1000 prior to the MOFSLI going into the tank.  Figure 33 

depicts a screenshot of the main window of the software. 

 

 
Figure 33: Screenshot of Mini-Editor Software. 

 

 To develop the jobs used for this project, it was necessary to go into the raster 

pattern box, as shown in Figure 34.  Here, the key variables to note are the Num X Scan 

Lines = 1 and the X Scan Length = 131 [mm].  Because it was running only one scan in 

the x-direction (i.e. cross-track or fast axis), the system was programmed to run the same 

job over and over until it was aborted, i.e.  until the testing was complete.  This was done 
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for all testing trials.  The x-scan length of 131 [mm] was the largest value allowed by the 

program.  This value was kept constant throughout, and corresponded to a scan angle of 

+/- 16˚. 

The only variable that changed was the one labeled Frame Y Offset, referring to 

the change of the height of the scan job within the water column (i.e. the along-track or 

slow axis), (set to 0 [mm] in Figure 34).  This indicated the offset distance in the vertical 

direction, in [mm].  Note that this offset was based on the pre-programmed stand-off 

distance within the software, which was 0.242 [m].  Thus, when the software states a 

change in the vertical direction by 1 [mm], in reality the same vertical direction changes 

significantly more: by 16.5 [mm] for the 4 [m] test and 33 [mm] for the 8 [m] test.  To 

keep things consistent, all changes and scan job labels were based on the dimensions 

within the software.  This concept is explained in more details in the next section. 

 

 
Figure 34: Raster Pattern Edit Window. 

 



45 

 Acting as the MOFSLI command and control center of the experiment, PuTTY is 

an open-source terminal software connected directly into the transmitter housing.  It was 

through PuTTY that various laser scan jobs developed in Mini-Editor could be loaded, 

executed, or aborted as necessary.  The laser power was adjusted through PuTTY.  

PuTTY also contained the command that had the MOFSLI run one specific job 

continuously until it was manually aborted.   

 

7.2 Determining the Along-Track Field of View 

The first objective of the testing was to determine the along-track field of view of 

each PMT.  The purpose of this test was to determine which laser scan job (thus the 

vertical position of the laser beam) resulted in the highest signal recorded by each PMT 

(in terms of voltage across a 1KΩ load resistor within the digitizer).   As a result, it was 

possible to identify the "optimal" vertical laser position for every PMT at a specific target 

offset distance (4 [m] or 8 [m]), as shown in Figure 35. 

 
Figure 35: Diagram showing optimal setup for a given job based on target distance. 

 

Tx 

Rx 
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Prior to determining exactly which scan jobs would be optimal for this testing, a 

wide range of laser scan jobs encompassing the entire vertical swath-range of the system 

were run, and their vertical positions documented.  A diagram of this testing is shown in 

Figure 36.  Given their vertical position and offset distances, line equations could be 

developed for all possible laser scan job offsets within the swath range.  With this done, 

determining the optimal scan job for the two offset distances would help to develop a line 

for the optimal receiver line of sight (slope).  A series of trials were run, in which the 

only system parameter to change was the laser scan job, and the voltage response for each 

PMT was recorded.   

 
Figure 36: Diagram showing how different scan jobs would appear on the target. 

 

 From these results, two jobs were chosen, one that best matched the peak values 

of the PMTs, the other further away, which allowed for a comparison to show how using 

an inaccurate scan job can affect the results.  This test was run at both offset distances, 

revealing the four scan jobs that would be used for testing.  Note that the job numbers 

listed in Table 2 refer to changes of 0.2365˚ in the vertical axis, and are programmed into 

the EC1000 via their job numbers. 
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Table 2: Results of Vertical FOV Test. 

 

 The peak voltages are highlighted in red.  As can be clearly seen, the PMTs were 

not all peaking during the same job, which suggested the PMTs were not perfectly 

aligned with one another.  However, when measuring their actual vertical difference at 

the given offset, they varied by less than 1 degree, and the difficulty required to correct 

them made it a manageable error.  For the 4 [m] test, Job-18 and Job-8 were chosen.  For 

the 8 [m] test, Job-51 and Job-47 were chosen.   

 With this information, all the laser scan jobs (Tx) and the receiver line of sight 

(Rx) could be plotted, as shown in Figure 37.   It is important to remember that the 

system was really looking sideways in the tank, while in a field application it would 

actually be looking down.  This information allowed for the selection of the proper scan 

job without further testing at any depth up to 13.7 [m].   Note also that the jobs listed 

encompassed the entire swath range, which covered the laser swath angle of 30.745˚.  

This was the vertical swath angle during this testing, but the system would be rotated for 

field tests (as noted earlier, the system is turned perpendicular to how it would be used 
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for field testing, due to the size limitations of the test tank).  The jobs shown are listed at 

increments of five, with each increment accounting for 0.2365˚, so each five is 1.1825˚, 

but one could easily map out slopes between them to attain a more accurate job for a 

given depth. 

 

 
Figure 37: Laser rays for individual scan jobs (Tx) and optimal receiver line of sight 

(Rx) for laser measurement at every PMT. 
 

 If it is necessary in the future to operate the system at depths deeper than those 

shown above, the simplest solution is to adjust the angle of the mounting bracket the 

receiver housing is currently on.  It will take very precise measurements, but given the 

current equation of the line is for an angle of 8.31˚ (angle was measured, line equation 

adjusted based on results of testing), one can then simulate in MATLAB a change in the 

angle of the receiver housing that would allow for optimal jobs at the desired depth. 

 

Rx          Tx 
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7.3 Generating Images with LabVIEW 

LabVIEW has a wide range of potential functions, from instrument monitoring 

and control to data acquisition and analysis.  For these experiments, LabVIEW allowed 

for the remote adjustments of the gains of the PMTs, as well as for the experimental data 

to be viewed by a LabVIEW GUI as it was acquired.  Both the system control and data 

observation were made possible by a previously designed graphical user interface (GUI).  

A screenshot of the GUI is shown in Figure 38. 

 
Figure 38: Screenshot of LabVIEW GUI. 

 

 As can be seen in the image above, one key element of this software is that it 

allowed for the control of the voltage gain of each individual PMT.  In the image shown, 

they were all set to the same voltage, but could be set at four different values if necessary.  

It is also possible to turn any one of them off (set to 0V) if needed.   Another important 

aspect the LabVIEW software is that as the results came in, they were displayed in the 
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GUI viewing window (Figure 39), which helped to ensure the system was functioning 

properly.  The GUI works by controlling the NI digitizer to acquire the voltages (as four 

1-D arrays of doubles) and archive from a buffer to  TDMS files.  When the acquisition is 

complete, it loads the data from the file, scales and converts them to 16-bit integers (to 

save memory), inverts the signal, and reshapes the 1-D arrays to 2-D arrays based on the 

resolution, in order to display the images.   

 During live testing, the Diagnostics tab in the GUI, which acts as an oscilloscope, 

becomes crucial for the experiment:  The PMT voltage response (how much voltage each 

PMT current source is producing into the 1 kΩ load resistor) can be monitored here, as 

these voltages must be carefully watched so as not to overload and damage the PMTs.  A 

screenshot of the diagnostics tab is shown in Figure 39. 

 
Figure 39: Screenshot of the oscilloscope in the GUI. 
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7.4 Determining the Cross-Track Field of View  

 With the along-track field of view testing complete, it was then necessary to 

determine the cross-track field of view for each PMT.  This was important because when 

attaching the technical target onto the background target, the goal was to have the center 

of each technical target be in the center of each PMT field of view (as noted before, there 

were individual targets mounted for each PMT field of view).  This was necessary to get 

the optimal response for each PMT.  The simplest way to do this test was to line up the 

technical targets edge-to-edge on the background target, starting at the edge of the laser 

scan job, as shown in Figure 40.  Once a target was out of view, it could be moved down 

the target.   

 
Figure 40: Diagram of Cross-Track FOV Test. 

  

 Images were taken, and these images showed not only the area over the target 

covered by each PMT’s FOV, but also showed where the sweet spot was located, as 

evidenced by stronger signal return.  These positions were marked for all PMTs at both 

offset distances and later used for formal testing.  Screenshots for the four FOVs are 

shown in Figures 41-44.  These tests allowed for both the determination of the center of 
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the PMT field of view as well as determining the total cross-track field of view of each 

PMT. 

 
Figure 41: PMT 1 Cross-Track FOV (FOV=11.34˚). 

   
Figure 42: PMT 2 Cross-Track FOV (FOV=10.40˚). 
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 By knowing the thickness of each individual line on the target, it was then 

possible to measure exactly how wide the field of view was for each PMT.  

Subsequently, the exact center of the FOV was easily found. 

 
Figure 43: PMT 3 Cross-Track FOV (FOV=10.01˚). 
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Figure 44: PMT 4 Cross-Track FOV (FOV=11.28˚). 

 

7.5 Determining the Target Reflectivity 

 To determine the true target reflectivity, a small spherical disk of calibrated 

reflectance called a Spectralon medallion was assembled (Figure 45).  During clear water 

testing, after running the trials for the technical targets, the trials were repeated with a 

spectralon medallion of  known reflectance of 50% to the background target.  In both 

cases, the peak PMT voltage responses were recorded from the oscilloscope built into the 

GUI, and the results were linearly scaled, resulting in reflectance values of approximately 

3.4% for the black bars and 26.6% for the white bars. 
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Figure 45: Spectralon Medallion 50% reflection. 

 

7.6 Target Testing Results 

7.6.1 Generating Images in MATLAB 

 For processing to begin, the data were exported from LabVIEW into MATLAB as 

binary files.  The data were broken up into chunks, separated by channels (PMTs) and 

converted from a 1-D array to a 2-D array.  The resulting gray-scale image was then 

scaled from min (black) to max (white).  The images collected in LabVIEW were created 

by scan jobs going left to right and right to left, resulting in two near-mirror images (each 

'mirror' showing every other line, although this could only be observed by zooming in on 

the image). 

To get the most information from the data, these two images had to be overlaid 

with one another, which was accomplished by determining the centerline range (i.e. the 

area between the two mirror images).  Figure 46 illustrates this process of determining 

the range of the centerline between the mirror images of the target.  The centerline would 

be somewhere in the black, in this case between 13000 and 14000, with the range of the 

centerline determined using the scale on the bottom of the image.  This range would go 

directly into the MATLAB code.  Note that this scale would not show up on the GUI 
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automatically (it needs to be added to visible items within the GUI). The resulting image 

was resized and displayed as a 16-bit image.   

 

 
Figure 46: Determining the range of the centerline. 

  
  

One issue that came up while creating these images was an occasional offset in 

the data collected, as seen in Figure 47.  This offset was due to an acquisition software 

bug and caused a change in the centerline location, which if not corrected for would 

result in the image not being processed correctly.  To correct for this, it was necessary to 

carefully review the data set and correct the offset manually. 
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Figure 47: Image showing shift in recorded data. 

 
 Figure 48 shows the value of the centerline as a function of the scan number.  

This plot allows the operator to acquire precise values of the shifting centerline, both in 

terms of the range of the shift (y-axis) and the scan index where the offset takes place (x-

axis).   

 
Figure 48: Plot of shifting center line. 

 
 With the shifting issue corrected, the images could be successfully imported and 

generated in MATLAB.  A sample trial for each offset distance is shown in Figures 49 to 

Shifting centerline range 

Jump location (~1000) 

cursor 
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63, with trials being run until the images generated by the GUI became contrast-limited 

(i.e. the target was no longer discernible).  Both data sets were collected with PMT 4, 

using a laser power of 891 [mW] and a PMT gain of 700 [V].  The images on the left 

show the raw grayscale image, and the images on the right use a scaled colormap.  The 

colorbar to the right of the image represents the strength of the signal reaching the PMT, 

i.e. the red indicates the strongest signal (the white bars) while the blue indicates the 

weakest signal (the black bars).  In the clear water case, both ends of the colorbar 

spectrum are displayed, but as the water became more turbid, the contrast of the bars 

began to diminish, and thus the colors representing the black and white bars began to get 

closer on the colorbar until their differences were indistinguishable.  Note that over 700 

trials were run in completing this research.  Showing all 3000 images is simply not 

feasible.  Only a subset of the results is shown in this section.  First are the 8 [m] sample 

results, shown in Figures 49-54 for increasing number of attenuation lengths (1.125 to 

5.03). 

 

       
Figure 49: MATLAB for z = 8 [m], c(λ) = 0.14 [m-1], cz = 1.125 attenuation lengths. 
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Figure 50: MATLAB for z = 8 [m], c(λ) = 0.26 [m-1], cz= 2.045 attenuation lengths. 

 

       
Figure 51: MATLAB for z = 8 [m], c(λ) = 0.35 [m-1], cz = 2.797 attenuation lengths. 

 

       
Figure 52: MATLAB for z = 8 [m], c(λ) = 0.39 [m-1], cz= 3.110 attenuation lengths. 
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Figure 53: MATLAB for z = 8 [m], c(λ) = 0.52 [m-1], cz = 4.175 attenuation lengths. 

 

       
Figure 54: MATLAB for z = 8 [m], c(λ) = 0.63 [m-1], cz = 5.030 attenuation lengths. 

  

Beyond 5.03 attenuation lengths, because of light scattering and attenuation, the 

PMT produced only noise and the target could not be seen.  This testing also showed that 

the 8 [m] test generated images through an attenuation coefficient c(λ) of 0.14 [m-1] 

(1.125 attenuation lengths) to 0.63 [m-1] (5.03 attenuation lengths). 

 Figures 55-63 show the 4 [m] results.  As with the 8 [m] results, the 4 [m] results 

show both the raw grayscale image and the image using a scaled colormap.  This time 

around, the attenuation coefficient c(λ) varied from 0.13 [m-1] (0.520 attenuation lengths) 

to 0.98 [m-1] (3.918 attenuation lengths). 
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Figure 55: MATLAB for z = 4 [m], c(λ) = 0.13 [m-1], cz = 0.520 attenuation lengths. 

 
 

       
Figure 56: MATLAB for z = 4 [m], c(λ) = 0.27 [m-1], cz = 1.081 attenuation lengths. 

 

       
Figure 57: MATLAB for z = 4 [m], c(λ) = 0.33 [m-1], cz = 1.319 attenuation lengths. 
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Figure 58: MATLAB for z = 4 [m], c(λ) = 0.43 [m-1], cz = 1.731 attenuation lengths. 

 
 

       
Figure 59: MATLAB for z = 4 [m], c(λ) = 0.48 [m-1], cz = 1.918 attenuation lengths. 

 

       
Figure 60: MATLAB for z = 4 [m], c(λ) = 0.65 [m-1], cz = 2.608 attenuation lengths. 
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Figure 61: MATLAB for z = 4 [m], c(λ) = 0.71 [m-1], cz = 2.853 attenuation lengths. 

 
 

       
Figure 62: MATLAB for z = 4 [m], c(λ) = 0.88 [m-1], cz = 3.533 attenuation lengths. 

 

       
Figure 63: MATLAB for z = 4 [m], c(λ) = 0.98 [m-1], cz = 3.918 attenuation lengths. 
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 Testing revealed that the 4 [m] trials generated useful images though the highest 

attenuation coefficient value tested, c(λ) = 0.98 [m-1] (3.918 attenuation lengths), while 

still producing good images.  This supports the findings of the 8 [m] results, which 

proves that the system becomes contrast limited at just beyond five attenuation lengths.  

 
7.6.2 PMT Voltage Response 

 During testing, each time the system settings changed (laser power change, PMT 

gain change, target distance, attenuation coefficient), the output voltage of every PMT 

was carefully monitored.  The observed peak values of the voltage were recorded and 

later plotted.  Figures 64-66 show how changing the laser power (using 101 [mW], 465 

[mW] and  891 [mW]) caused an increase in the PMT peak voltage response.   

 

 
Figure 64: PMT Voltage Response, Laser Power = 101 [mW]. 
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Figure 65: PMT Voltage Response, Laser Power = 465 [mW]. 

 

 
Figure 66: PMT Voltage Response, Laser Power = 891 [mW]. 

 

 This test proved to be very important in that it revealed just how significant 

applying the proper scan job during testing really was.  Figure 67 shows the peak voltage 

response using PMT 2 during the 8 [m] test with a laser power of 891 [mW].  The plot on 

the left used the optimal job as determined previously, while the plot on the right resulted 

from used a slightly different scan job.  While the vertical separation in the laser beam 

was only 13.2 [cm] (0.946˚ in vertical angular separation) between the two scan jobs, the 

peak voltage produced by the optimal job nearly triples as compared to the other job.  
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However, a comparison of the two jobs in the next section proved that although one job 

produces stronger results than the other, they both have the same attenuation limits. 

  
Figure 67: Comparison of PMT Voltage Responses to show importance of proper 

laser scan job. 
 
 
7.6.3 Peak Attenuation Levels 

 Figures 68-70 show the limits of the system for each gain setting based on the 

laser power.  These limits were determined through observing the voltage responses on 

the oscilloscope, like those shown in Figure 39.  Figure 39 shows clearly spikes in the 

voltage response, indicating image data from the target is being collected.  Upon reaching 

the limits of the system, the voltage responses no longer show clear spikes in the data, 

indicating that the amount of non-image bearing photons has increased such that the 

image has become completely hidden by the non-image bearing photons.  This limit is 

also obvious when observing the images generated in Matlab - when the limit is reached, 

there is no discernible target.  Figure 68 shows the maximum number of beam attenuation 

lengths for the various PMT gains at a power setting of 101 [mW].  Figures 69 and 70 

show the maximum number of beam attenuation lengths for the various PMT gains at a 

power setting of 465 [mW] and 891 [mW], respectively.  Note that these plots apply to 

both optimal and suboptimal scan jobs at 8 [m] offset:  Even though the optimal scan job 

yielded much higher voltage responses than the suboptimal job (meaning that more 
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photons were reaching the PMTs), both jobs resulted in similar maximum attenuation 

lengths (in terms of an observable target), as shown in Figures 68-70.  

 

 
Figure 68: Peak Attenuation Length, Laser Power = 101 [mW]. 

 
 

 
Figure 69: Peak Attenuation Length, Laser Power = 465 [mW]. 
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Figure 70: Peak Attenuation Length, Laser Power = 891 [mW]. 

 
 The 4 [m] tests displayed images for every system setting through the highest 

attenuation level tested.  It would have taken higher turbidity levels to find where the 

system became limited at 4 [m].  However, as this system will rarely be used in such 

shallow waters, that was not deemed necessary for this testing. 

 

7.7 Contrast Ratio and Signal to Noise Ratio Results 

The next part of the evaluation process involved measuring the contrast and 

contrast signal-to-noise ratio (SNR), as described by Dalgleish et al [12].  The equations 

for these two ratios are fairly straightforward, using the previously described technical 

targets: 
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Here whiteI  and blackI  are the average intensities of the white portion and black portion of 

the target, respectively.  Var[Iwhite] and Var[Iblack] are the intensity variances of the white 

portion and black portion of the target, respectively.  These values are calculated at each 

phase of the experiment as the system parameters change, and the plotted results should 

theoretically show a slope of the image contrast.  When one observes the images, the 

higher the contrast is, the better the image quality will be. 

 The following procedure was used to calculate the Contrast Ratio and the CSNR.   

For a given distance and PMT, the MATLAB program would display the image.   The 

operator used a graphic tool to mark the center of the widest white band and the center of 

the nearest black band.  Following this, the program would select the three pixels closest 

to the center of the white band for 800 rows of the image, creating an array Iwhite of 2400 

high intensity values.  The program repeats the same process in the black band for an 

array Iblack of 2400 low intensity values. Figure 71 highlights the process of selecting 

these pixel sections. 

 

Figure 71: Image showing CR/CSNR determination. 
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The results of this testing are located in Appendix A.2, with a few sample plots 

shown in Figure 72 (CR plot) and Figure 73 (CSNR plot).  The expected trend is 

particularly noticeable in Figure 73: the CSNR remains constant (at 70) up to two 

attenuation lengths, then decreases fairly linearly between two and five attenuation 

lengths, then level off again (at 40).  The reason behind this is up until two attenuation 

lengths, the system is receiving very strong signals from the target and very little 

backscatter, thus the shot noise level is insignificant.  Beyond two attenuation lengths, 

this is a steady decrease in target signal, increase in the backscatter level and associated 

shot noise levelresulting in a steady decrease in the slope of the plot.  Finally, beyond five 

attenuation lengths, the slope of the plot levels off again, which results from the system 

acquiring mainly backscatter and blur/glow/forward scatter (i.e. indirect target signal), 

together with an increase in the dominance of the shot noise component, due to the highly 

attenuated target signal strength. 

 

 
Figure 72: Sample Contrast Ratio Plot. 
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Figure 73: Sample CSNR Plot. 

 

 Throughout this testing, the Contrast Ratio plots seemed to behave in a largely 

uniform and expected manner (Figures 123-185 - odd numbered figures in Appendix 

A.2).  Unfortunately, regarding many of the CSNR plots, particularly for the 4 [m] tests, 

there seemed to be inconsistencies (Figures 124 to 186 - even numbered figures in 

Appendix A.2).  There was a fair amount of fluctuation in the plots, making it difficult to 

identify a consistent pattern.  This could be explained by some source of added noise that 

was unaccounted for during testing.  The most likely source is the MOFSLI system itself.  

Even given this issue, all necessary conclusions for this research could still be drawn 

even without using the CSNR data, which proved unreliable in this instance. 

 

7.8 Establishing the attenuation limits of the MOFSLI system 

By establishing that the MOFSLI becomes contrast-limited at just past five 

attenuation lengths, it is then possible to show the operation limits of the system for field 

testing, with regards to the measured attenuation coefficient of the target water.  Figure 

74 shows a curve of the maximum attenuation coefficients that the system will produce 
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results, as a function of the water depth.  Thus, if one was to operate the system at 12 [m] 

depth, the max attenuation coefficient of the water could only be about 0.42, as anything 

higher will not yield visible results. With high levels of ambient light, the system would 

likley be limited at a lower beam attenuation coefficient. 

 
Figure 74: Maximum attenuation coefficient at given depth [m]. 
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8. CONCLUSION 

 One of the original goals of the CLASS project was to develop a prototype laser 

line scan system with minimal moving parts that uses a highly collimated directed energy 

light source (i.e. a laser), an overlapping linear array of independantly biased PMT 

detectors, and has the potential to provide images over a longer range and much wider 

angle swath than other optical imaging techniques. Typically, lights and cameras become 

contrast limited in turbid waters prior to three attenuation lengths [4].  The findings from 

the MOFSLI prototype testing described herein, demonstrate it to be effective to just 

beyond five attenuation lengths, where it ultimately becomes contrast limited due to the 

collection of non-image bearing photons, spreading and attenuation.   

 A major part of this research was to calibrate the MOFSLI system, and in doing 

so determine the optimal settings for the system.  This research has shown not only the 

most effective settings of the system, but also how much the results can change by failing 

to use these settings.  In its current configuration, testing in water with depths down to 

13.7 [m] can be optimized with the appropriate settings.  It should be noted that the 

results shown in the previous testing section were attained using a gain of just 650 [V], 

which may not be enough to attain ideal results, even at only two attenuation lengths. 

 By establishing that the MOFSLI becomes contrast-limited at just past five 

attenuation lengths, it is then possible to show the operation limits of the system for field 

testing, with regards to the measured attenuation coefficient of the target water.  If one 
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was to operate the system at 12 [m] depth, the max attenuation coefficient of the water 

could only be about 0.42, as anything higher will not yield visible results. 

 Given all these results, it is important to also understand the limitations of the 

results in terms of practical use.  During testing, Arizona Road Dust was used to increase 

turbidity levels in the tank. Although conditions in the tank are somewhat representative 

of turbid coastal conditions, the inherent optical properties of Arizona Road Dust are 

dominated by particle scattering, causing a significant increase in the scattering 

coefficient of the medium, while doing very little to raise the absorption coefficient.  In 

the open ocean, the single scattering albedo (the ratio of the scattering coefficient over 

the attenuation coefficient) ranges between 0.4 and 0.8 [4].  Arizona Road Dust, 

meanwhile, has a single scattering albedo of about 0.9.  For conditions similar to those 

generated by Arizona Road Dust, field results can be expected to closely resemble the 

results found during this testing, especially given that the reflectance values of the targets 

used during this testing were within the expected values for the ocean floor.   

 The final point to note in this research is that all the images generated in Matlab 

were raw images. Previous studies have shown filtering techniques, such as pixel 

integration, can improve upon the collected image [4].  The reason these images were left 

unfiltered in this instance comes down to the fact that there is always a way to filter and 

improve upon a collected image, but the better the raw image, the better the filtered 

image.  
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9. FUTURE WORK 

The next generation MOFSLI system which is currently being built uses a pulsed 

laser, scanned over a maximum cross-track angle of 120 degrees, and a staring array of 

high speed silicon photomultiplier detectors.  Previous research has shown that pulsed-

gated laser are far more effective in eliminating backscattered light, and have been shown 

to generate useful imagery beyond seven attenuation lengths [12].  In the absence of 

backscattering, the loss of contrast and resolution at these extended ranges is believed to 

be due to the combined effects of attenuation and forward scattering, which causes the 

detrimental blurring or glow that obscures the image detail. 

 The next generation MOFSLI system will also be outfitted with a 64x2 silicon 

photomultiplier array.  Silicon PMTs (SiPM) are particularly good at detecting very weak 

light signals down to single photons.  They are even smaller than using PMTs, and using 

this many would increase the overall receiver field of view from 32˚ to 120˚. 

 Regarding future work directly resulting from this research, field testing will 

prove how much improvement is made to the results given the optimal settings 

determined through this research.  This research revealed that one of the PMTs was 

0.946˚ off.  Although this is a very slim margin, testing proved that this variance still had 

an effect on the results, and therefore may need to be corrected in the future, especially 

for deep water trials. There are several potential uses for the MOFSLI system in the 

future.  Near shore coral reef surveys would benefit greatly from this technology, 



76 

particularly once it has been outfitted with the SiPM array, meaning it will have a 120˚ 

FOV.  The system has already proven capable of producing identification-quality images 

in clear coastal conditions.  With the system calibration complete, the system is expected 

to produce even better results (3-5 [mm] resolution) in clear coastal conditions. 
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APPENDICES 

A.1 PMT Voltage Response 

 
Figure 75: PMT Voltage Response; 8 [m], PMT 1, Job-51, Laser 101 [mW] 

 
Figure 76: PMT Voltage Response; 8 [m], PMT 1, Job-51, Laser 465 [mW] 
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Figure 77: PMT Voltage Response; 8 [m], PMT 1, Job-51, Laser 891 [mW] 

 

 
Figure 78: PMT Voltage Response; 8 [m], PMT 2, Job-51, Laser 101 [mW] 

 
Figure 79: PMT Voltage Response; 8 [m], PMT 2, Job-51, Laser 465 [mW] 
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Figure 80: PMT Voltage Response; 8 [m], PMT 2, Job-51, Laser 891 [mW] 

 
 

 
Figure 81: PMT Voltage Response; 8 [m], PMT 3, Job-51, Laser 101 [mW] 

 
Figure 82: PMT Voltage Response; 8 [m], PMT 3, Job-51, Laser 465 [mW] 
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Figure 83: PMT Voltage Response; 8 [m], PMT 3, Job-51, Laser 891 [mW] 

 
 

 
Figure 84: PMT Voltage Response; 8 [m], PMT 4, Job-51, Laser 101 [mW] 

 
Figure 85: PMT Voltage Response; 8 [m], PMT 4, Job-51, Laser 465 [mW] 
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Figure 86: PMT Voltage Response; 8 [m], PMT 4, Job-51, Laser 891 [mW] 

 

 
Figure 87: PMT Voltage Response; 8 [m], PMT 1, Job-47, Laser 101 [mW] 

 
Figure 88: PMT Voltage Response; 8 [m], PMT 1, Job-47, Laser 465 [mW] 
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Figure 89: PMT Voltage Response; 8 [m], PMT 1, Job-47, Laser 891 [mW] 

 

 
Figure 90: PMT Voltage Response; 8 [m], PMT 2, Job-47, Laser 101 [mW] 

 
Figure 91: PMT Voltage Response; 8 [m], PMT 2, Job-47, Laser 465 [mW] 
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Figure 92: PMT Voltage Response; 8 [m], PMT 2, Job-47, Laser 891 [mW] 

 

 
Figure 93: PMT Voltage Response; 8 [m], PMT 3, Job-47, Laser 101 [mW] 

 
Figure 94: PMT Voltage Response; 8 [m], PMT 3, Job-47, Laser 465 [mW] 



84 

 
Figure 95: PMT Voltage Response; 8 [m], PMT 3, Job-47, Laser 891 [mW] 

 

 
Figure 96: PMT Voltage Response; 8 [m], PMT 4, Job-47, Laser 101 [mW] 

 
Figure 97: PMT Voltage Response; 8 [m], PMT 4, Job-47, Laser 465 [mW] 
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Figure 98: PMT Voltage Response; 8 [m], PMT 4, Job-47, Laser 891 [mW] 

 
 

 
Figure 99: PMT Voltage Response; 4 [m], PMT 1, Job-18, Laser 101 [mW] 

 
Figure 100: PMT Voltage Response; 4 [m], PMT 1, Job-18, Laser 465 [mW] 
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Figure 101: PMT Voltage Response; 4 [m], PMT 1, Job-18, Laser 891 [mW] 

 

 
Figure 102: PMT Voltage Response; 4 [m], PMT 2, Job-18, Laser 101 [mW] 

 
Figure 103: PMT Voltage Response; 4 [m], PMT 2, Job-18, Laser 465 [mW] 
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Figure 104: PMT Voltage Response; 4 [m], PMT 2, Job-18, Laser 891 [mW] 

 
Figure 105: PMT Voltage Response; 4 [m], PMT 3, Job-18, Laser 101 [mW] 

 
Figure 106: PMT Voltage Response; 4 [m], PMT 3, Job-18, Laser 465 [mW] 
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Figure 107: PMT Voltage Response; 4 [m], PMT 3, Job-18, Laser 891 [mW] 

 
Figure 108: PMT Voltage Response; 4 [m], PMT 4, Job-18, Laser 101 [mW] 

 
Figure 109: PMT Voltage Response; 4 [m], PMT 4, Job-18, Laser 465 [mW] 
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Figure 110: PMT Voltage Response; 4 [m], PMT 4, Job-18, Laser 891 [mW] 

 
Figure 111: PMT Voltage Response; 4 [m], PMT 1, Job-8, Laser 101 [mW] 

 
Figure 112: PMT Voltage Response; 4 [m], PMT 1, Job-8, Laser 465 [mW] 
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Figure 113: PMT Voltage Response; 4 [m], PMT 1, Job-8, Laser 891 [mW] 

 
Figure 114: PMT Voltage Response; 4 [m], PMT 2, Job-8, Laser 101 [mW] 

 
Figure 115: PMT Voltage Response; 4 [m], PMT 2, Job-8, Laser 465 [mW] 
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Figure 116: PMT Voltage Response; 4 [m], PMT 2, Job-8, Laser 891 [mW] 

 
Figure 117: PMT Voltage Response; 4 [m], PMT 3, Job-8, Laser 101 [mW] 

 
Figure 118: PMT Voltage Response; 4 [m], PMT 3, Job-8, Laser 465 [mW] 
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Figure 119: PMT Voltage Response; 4 [m], PMT 3, Job-8, Laser 891 [mW] 

 
Figure 120: PMT Voltage Response; 4 [m], PMT 4, Job-8, Laser 101 [mW] 

 
Figure 121: PMT Voltage Response; 4 [m], PMT 4, Job-8, Laser 465 [mW] 
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Figure 122: PMT Voltage Response; 4 [m], PMT 4, Job-8, Laser 891 [mW] 
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A.2 Contrast Ratio and CSNR Plots 
 

 
Figure 123: Contrast Ratio; 8 [m], PMT 1, Job-51, laser 891 [mW] 

 

 
Figure 124: CSNR; 8 [m], PMT 1, Job-51, laser 891 [mW] 
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Figure 125: Contrast Ratio; 8 [m], PMT 2, Job-51, laser 891 [mW] 

 

 
Figure 126: CSNR; 8 [m], PMT 2, Job-51, laser 891 [mW] 
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Figure 127: Contrast Ratio; 8 [m], PMT 3, Job-51, laser 891 [mW] 

 

 
Figure 128: CSNR; 8 [m], PMT 3, Job-51, laser 891 [mW] 
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Figure 129: Contrast Ratio; 8 [m], PMT 4, Job-51, laser 891 [mW] 

 

 
Figure 130: CSNR; 8 [m], PMT 4, Job-51, laser 891 [mW] 
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Figure 131: Contrast Ratio; 8 [m], PMT 1, Job-51, laser 465 [mW] 

 

 
Figure 132: CSNR; 8 [m], PMT 1, Job-51, laser 465 [mW] 
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Figure 133: Contrast Ratio; 8 [m], PMT 2, Job-51, laser 465 [mW] 

 

 
Figure 134: CSNR; 8 [m], PMT 2, Job-51, laser 465 [mW] 
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Figure 135: Contrast Ratio; 8 [m], PMT 3, Job-51, laser 465 [mW] 

 

 
Figure 136: CSNR; 8 [m], PMT 3, Job-51, laser 465 [mW] 
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Figure 137: Contrast Ratio; 8 [m], PMT 4, Job-51, laser 465 [mW] 

 

 
Figure 138: CSNR; 8 [m], PMT 4, Job-51, laser 465 [mW] 



102 

 
Figure 139: Contrast Ratio; 8 [m], PMT 1, Job-47, laser 891 [mW] 

 

 
Figure 140: CSNR; 8 [m], PMT 1, Job-47, laser 891 [mW] 
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Figure 141: Contrast Ratio; 8 [m], PMT 2, Job-47, laser 891 [mW] 

 

 
Figure 142: CSNR; 8 [m], PMT 2, Job-47, laser 891 [mW] 
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Figure 143: Contrast Ratio; 8 [m], PMT 3, Job-47, laser 891 [mW] 

 

 
Figure 144: CSNR; 8 [m], PMT 3, Job-47, laser 891 [mW] 
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Figure 145: Contrast Ratio; 8 [m], PMT 4, Job-47, laser 891 [mW] 

 

 
Figure 146: CSNR; 8 [m], PMT 4, Job-47, laser 891 [mW] 
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Figure 147: Contrast Ratio; 8 [m], PMT 1, Job-47, laser 465 [mW] 

 

 
Figure 148: CSNR; 8 [m], PMT 1, Job-47, laser 465 [mW] 
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Figure 149: Contrast Ratio; 8 [m], PMT 2, Job-47, laser 465 [mW] 

 

 
Figure 150: CSNR; 8 [m], PMT 2, Job-47, laser 465 [mW] 
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Figure 151: Contrast Ratio; 8 [m], PMT 3, Job-47, laser 465 [mW] 

 

 
Figure 152: CSNR; 8 [m], PMT 3, Job-47, laser 465 [mW] 
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Figure 153: Contrast Ratio; 8 [m], PMT 4, Job-47, laser 465 [mW] 

 

 
Figure 154: CSNR; 8 [m], PMT 4, Job-47, laser 465 [mW] 



110 

 
Figure 155: Contrast Ratio; 4 [m], PMT 1, Job-18, laser 891 [mW] 

 

 
Figure 156: CSNR; 4 [m], PMT 1, Job-18, laser 891 [mW] 
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Figure 157: Contrast Ratio; 4 [m], PMT 2, Job-18, laser 891 [mW] 

 

 
Figure 158: CSNR; 4 [m], PMT 2, Job-18, laser 891 [mW] 



112 

 
Figure 159: Contrast Ratio; 4 [m], PMT 3, Job-18, laser 891 [mW] 

 

 
Figure 160: CSNR; 4 [m], PMT 3, Job-18, laser 891 [mW] 
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Figure 161: Contrast Ratio; 4 [m], PMT 4, Job-18, laser 891 [mW] 

 

 
Figure 162: CSNR; 4 [m], PMT 4, Job-18, laser 891 [mW] 
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Figure 163: Contrast Ratio; 4 [m], PMT 1, Job-18, laser 465 [mW] 

 

 
Figure 164: CSNR; 4 [m], PMT 1, Job-18, laser 465 [mW] 
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Figure 165: Contrast Ratio; 4 [m], PMT 2, Job-18, laser 465 [mW] 

 

 
Figure 166: CSNR; 4 [m], PMT 2, Job-18, laser 465 [mW] 
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Figure 167: Contrast Ratio; 4 [m], PMT 3, Job-18, laser 465 [mW] 

 

 
Figure 168: CSNR; 4 [m], PMT 3, Job-18, laser 465 [mW] 
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Figure 169: Contrast Ratio; 4 [m], PMT 4, Job-18, laser 465 [mW] 

 

 
Figure 170: CSNR; 4 [m], PMT 4, Job-18, laser 465 [mW] 
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Figure 171: Contrast Ratio; 4 [m], PMT 1, Job-8, laser 891 [mW] 

 

 
Figure 172: CSNR; 4 [m], PMT 1, Job-8, laser 891 [mW] 
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Figure 173: Contrast Ratio; 4 [m], PMT 2, Job-8, laser 891 [mW] 

 

 
Figure 174: CSNR; 4 [m], PMT 2, Job-8, laser 891 [mW] 
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Figure 175: Contrast Ratio; 4 [m], PMT 3, Job-8, laser 891 [mW] 

 

 
Figure 176: CSNR; 4 [m], PMT 3, Job-8, laser 891 [mW] 
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Figure 177: Contrast Ratio; 4 [m], PMT 4, Job-8, laser 891 [mW] 

 

 
Figure 178: CSNR; 4 [m], PMT 4, Job-8, laser 891 [mW] 
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Figure 179: Contrast Ratio; 4 [m], PMT 1, Job-8, laser 465 [mW] 

 

 
Figure 180: CSNR; 4 [m], PMT 1, Job-8, laser 465 [mW] 



123 

 
Figure 181: Contrast Ratio; 4 [m], PMT 2, Job-8, laser 465 [mW] 

 

 
Figure 182: CSNR; 4 [m], PMT 2, Job-8, laser 465 [mW] 
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Figure 183: Contrast Ratio; 4 [m], PMT 3, Job-8, laser 465 [mW] 

 

 
Figure 184: CSNR; 4 [m], PMT 3, Job-8, laser 465 [mW] 
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Figure 185: Contrast Ratio; 4 [m], PMT 4, Job-8, laser 465 [mW] 

 

 
Figure 186: CSNR; 4 [m], PMT 4, Job-8, laser 465 [mW] 

  



126 

 

 

BIBLIOGRAPHY 

[1]  S. Parton, F. Dalgleish, P.-P. Beaujean, B. Ouyang and F. Caimi, "Acquisition and 
Registration of Bathymetric Acoustic Data and MOFSLI (Multiple Overlapping 
Field of View Serial Laser Imager)," in OCEANS, Bergen, 2013.  

[2]  L. Brisson, D. Wolfe and M. Stanley, "Interferometric Swath Bathymetry for Large 
Scale Shallow Water Hydrographic Surveys," in Canadian Hydrographic 
Conference, St Johns N&L, 2014.  

[3]  F. Dalgleish, F. Caimi, W. Britton and C. Andren, "An AUV-deployable pulsed 
laser line scan (PLLS)," in OCEANS, 2007.  

[4]  F. Dalgleish, A. Vuorenkoski and B. Ouyang, "Extended Range Undersea Laser 
Imaging: Current Laser Status and a Glimpse at Future Technologies," Marine 
Technology Society Journal, vol. 47, no. 5, pp. 128-147, 2013.  

[5]  M. Strand, "Quantitative evaluation of environmental noise in underwater electro-
optic imaging systems," in Ocean Optics XIV, Kailua-Kona, Hawaii, 1998.  

[6]  "Solid State Laser Technology Maturation Program," Office of Naval Research, 
September 2012. [Online]. Available: http://www.onr.navy.mil/~/media/Files/Fact-
Sheets/35/Solid-State-Laser-Technology-Maturation-Program-2012-a.ashx. 
[Accessed 27 September 2014]. 

[7]  D. Burghoff, C. Wang, I. Chan, Q. Hu and J. Reno, "Gain measurements of 
scattering-assisted teraherts quantum cascade lasers," American Institute of Physics, 
2012. 

[8]  E. D'Sa, M. R.L. and B. Mckee, "Suspended particulate matter dynamics in coastal 
waters from ocean color: Application to the northern Gulf of Mexico," Geophysical 
Research Letters, vol. 34, 2007.  

[9]  R. Reynolds, D. Stramski, V. Wright and S. Wozniak, "Particle Size Distributions of 
Coastal Waters Measured with an in situ Laser Diffractometer," in Ocean Optics 
XIX, 2008.  



127 

[10]  F. Dalgleish, A. Vuorenkoski, G. Nootz, B. Ouyang and F. Caimi, "Experimental 
imaging performance evaluation for alternate configurations of undersea pulsed 
laser serial imagers," in SPIE 8030, 2011.  

[11]  F. Caimi, D. Kocak, F. Dalgleish and J. Watson, "Underwater Imaging and Optics: 
Recent Advances," IEEE Oceanic Engineering Society Newsletter, 2010. 

[12]  F. Dalgleish, F. Caimi, W. Britton and C. Andren, "Improved LLS imaging 
performance in scattering-dominant waters," in SPIE, Vol. 7317, 2009.  

[13]  C. Bohren and D.R.Huffman, Absorption and Scattering of Light by Small Particles, 
John Wiley & Sons, 1983.  

[14]  T. Giddings and J. Shirron, "SOFTWARE DESIGN DOCUMENT FOR THE 
EODES ELECTRO-OPTICAL IMAGE SIMULATION AND PERFORMANCE 
PREDICTION MODEL," Metron, Inc., 2008. 

[15]  C. Mobley, "Radiative Transfer Theory - Deriving the Radiative Transfer Equation," 
Ocean Optics Web Book, 16 April 2010. [Online]. Available: 
http://www.oceanopticsbook.info/view/radiative_transfer_theory/deriving_the_radia
tive_transfer_equation. [Accessed 26 September 2014]. 

[16]  N. Swanson, B. Billard, V. Gehman and T. Gennaro, "Application of the small-angle 
approximation to ocean water types," Applied Optics, vol. 40, no. 21, pp. 3608-
3613, 2001.  

[17]  "Small Angle Approximation," Honlyn Limited, 2004. [Online]. Available: 
http://www.trigonometry-help.net/small-angle-approximation.php. [Accessed 30 
September 2014]. 

[18]  C. Mobely, "Overview of Optical Oceanography - Introduction," Ocean Optics Web 
Book, 16 February 2010. [Online]. Available: 
http://www.oceanopticsbook.info/view/overview_of_optical_oceanography/introduc
tion. 

[19]  C. Mobley, "Overview of Optical Oceanography - Inherent Optical Properties," 
Ocean Optics Web Book, 16 February 2010. [Online]. Available: 
http://www.oceanopticsbook.info/view/overview_of_optical_oceanography/inherent
_optical_properties. 

 



128 

[20]  C. Mobley, "Overview of Optical Oceanography - The Volume Scattering 
Function," Ocean Optics Web Book, 16 February 2010. [Online]. Available: 
http://www.oceanopticsbook.info/view/overview_of_optical_oceanography/the_vol
ume_scattering_function. 

[21]  C. Mobley, "Ocean Optics Web Book - Overview of Optical Oceanography - 
Inherent Optical Properties," 16 February 2010. [Online]. Available: 
http://www.oceanopticsbook.info/view/overview_of_optical_oceanography/inherent
_optical_properties. [Accessed 26 September 2014]. 

[22]  Florida Atlantic University, "Fundamentals of Laser Safety," FAU Environmental 
Health and Safety, 2010. 

[23]  Laser Quantum, gem 532 high spec OEM laser - Technical Data Sheet.  

[24]  D. Li, "Laser Mode - How the Helium-Neon Laser Works," SUNY at Stony Brook, 
2002. 

[25]  K. Thyagarajan and A. Ghatak, Lasers - Fundamentals and Applications - Second 
Edition, New York: Springer Science & Business Media, 2010.  

[26]  W. Smith, Modern Optical Engineering - Fourth Edition, McGraw-Hill Companies, 
2008.  

[27]  Inspired Energy, "NL2024 and RH2024 Smart Lithium Ion Battery Specification 
Summary," Inspired Energy, [Online]. Available: http://inspired-
energy.com/standard_products/NL2024/NL2024.htm. 

[28]  Woods Hole Oceanographic Institution, "Transmissometer," 27 April 2011. 
[Online]. Available: 
http://www.whoi.edu/page.do?pid=8415&tid=3622&cid=11489. [Accessed 20 
October 2014]. 

[29]  J. Zaneveld, J. Kitchen and C. Moore, "The scattering error correction of reflecting-
tube absorption meters," Ocean Optics XII, Proc. SPIE, vol. 2258, pp. 44-55, 1994.  

[30]  J. Bower, U.C. Davis, "Spectrometer," [Online]. Available: 
http://chemwiki.ucdavis.edu/Analytical_Chemistry/Instrumental_Analysis/Spectrom
eter#References. [Accessed 21 October 2014]. 

 

 


	LIST OF FIGURES
	1.  INTRODUCTION
	2. OBJECTIVES AND CONTRIBUTIONS
	2.1 Motivations
	2.2 Objectives
	2.3 Approach
	2.4 Scientific Contributions

	3.  LITERATURE REVIEW
	4.  SCIENTIFIC BACKGROUND
	4.1 Optical Properties of Water
	4.1.1 Radiative Transfer Theory
	4.1.2 Inherent Optical Properties and Apparent Optical Properties

	4.2 Scientific Background on Lasers
	4.2.1 General Information on Lasers
	4.2.2 Laser Power and Safety Issues


	5. METHODS AND MATERIALS
	5.1 MOFSLI System Description
	5.2 MOFSLI Transmitter Housing
	5.3 MOFSLI Receiver Housing
	5.4 MOFSLI Battery Housing
	5.5 Additional Testing Instrumentation

	6. EXPERIMENTATION
	6.1 Testing Targets
	6.2 Experimental Test Setup and Test Plan
	6.3 Controlling Ambient Light
	6.4 Turbidity Levels in the Tank

	7. RESULTS
	7.1 Creating the Laser Scan Jobs
	7.2 Determining the Along-Track Field of View
	7.3 Generating Images with LabVIEW
	7.4 Determining the Cross-Track Field of View
	7.5 Determining the Target Reflectivity
	7.6 Target Testing Results
	7.6.1 Generating Images in MATLAB
	7.6.2 PMT Voltage Response
	7.6.3 Peak Attenuation Levels

	7.7 Contrast Ratio and Signal to Noise Ratio Results
	7.8 Establishing the attenuation limits of the MOFSLI system

	8. CONCLUSION
	9. FUTURE WORK
	APPENDICES
	A.1 PMT Voltage Response
	A.2 Contrast Ratio and CSNR Plots


