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Abstract 
 

The golden standard for measuring the performance of an imaging system is 
Modulation Transfer Function (MTF). Every optical part of the imaging system has its 
own MTF contributing to the overall, as a measurement of sharpness. The two most 
common methods for obtaining the MTF from an image, Direct square wave analysis 
and Slanted edge analysis were performed in an experimental setup with the latter 
being the faster one in the image processing procedure. This thesis presents an 
innovative idea of measuring the optical properties of water using a custom made 
multispectral underwater imaging system based on this function. Obtaining pictures 
under the surface of the sea, water can be considered as part of the overall imaging 
system. Measuring and comparing the MTF underwater to the MTF of the imaging 
system on land can lead to valuable results about water interference in the degradation 
of underwater vision. In addition, MTF curves were measured over discrete wavelengths 
of the light spectrum from the violet to near infrared region in order to obtain data 
about the source of this degradation which is the absorption and scattering of light by 
water molecules and matter particles.  
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1 Introduction 

1.1 Underwater Visibility 

Underwater visibility is a measure of the distance at which an object or light can be 

discerned. On land light travels through the air from an object to the eyes of the 

observer. Unless some extreme weather conditions like fog or extended pollution are 

present during the observation, visibility can usually be as high as several kilometers. In 

the water though light is refracted, absorbed and scattered by the medium in which it is 

travelling. This leads to a great degradation of the maximum distance an object can be 

seen as well as its resolution. This degradation contains valuable information about the 

medium, water in this case, and its composition which can be obtained avoiding analytic 

and time consuming chemical measuring procedures. 

Underwater visibility is an indicator of water clarity. It is a physical characteristic that 

gives a first indication of the quality of water in seawater bodies, lakes, rivers or drinking 

water supplies. For reasons as such, it is one of the most important parameters in 

marine research. Oceanographers and environmental researchers are very interested in 

measuring underwater visibility primarily since the availability of light plays such an 

important role in biological productivity and the absorption of heat energy. Moreover as 

regards underwater activities, both recreational and commercial, visibility is one of the 

most crucial and unpredictable factors that affect diving and military operations. 

1.2 Water Clarity  

Clarity [1][2] is determined by the depth that sunlight penetrates in water. The further 

sunlight can reach, the higher the water clarity. The transparency of water is affected by 

the amount of sunlight available, suspended particles in the water column and dissolved 

solids such as colored dissolved organic material present in the water.  

Water clarity measurements are being performed manually using a Secchi disc or a tube 

with a Secchi disc at the bottom. The disc is mounted on a pole or rope and slowly 

lowered in the water. The length of the line or pole that the disc is no longer visible is 

known as the Secchi depth and is related to the water clarity. This depth in meters 

divided into 1.7 yields an attenuation coefficient (also called an extinction coefficient). 



 

 

Figure 1-1 Secchi disc measurements in 3 different types of water 

  

Another form of the method involves a completely black disk mounted on a pole at 90o 

angle and an inverted periscope. The disc and the covered end of the periscope are 

placed close together underwater and then pulled apart until the disc is no longer visible 

through the periscope. The distance between the disc and the periscope is recorded as 

the measure of visibility.  

 

Figure 1-2 Horizontal deployment of Secchi disc 

 Although the materials for these methods are inexpensive and the procedure of 

measuring is quite quick, clarity measurement results are as accurate as the user’s 

eyesight. Considering the above the need of an accurate and reliable measuring system 

is obvious.  

1.3 Water Turbidity 

Turbidity [3] is the phenomenon where by a specific portion of a light beam passing 

through a liquid medium is deflected from undissolved particles. Turbid water appears 

cloudy, murky, or otherwise colored, affecting the physical look of the water. Suspended 

solids and dissolved colored material reduce water clarity by creating an opaque, hazy 

or muddy appearance. Turbidity measurements are often used as an indicator of water 

quality based on clarity and estimated total suspended solids in water. Turbidity is 

measured most commonly in NTU (Nephelometric Turbidity Units) or FNU (Formazin 



 

Nephelometric Units) depending on the measuring instrument design and each 

approving organization standards.[4] 

 

Figure 1-3 Typical series of Formazin turbidity standards shown in NTU. 

Turbidimeters are instruments which use nephelometry alone or in combination with 

light attenuation measurements in order to examine the turbidity in a water sample. 

Usually an extended calibration with known Formazin concentrations is needed in order 

to perform correctly. Nephelometry means that the light source and the photodetector 

are set at a 90-degree angle from each other. This angle is considered as the most 

sensitive to light scatter regardless of particle size. However, it is limited to lower 

turbidity levels (below 40 NTU) and is susceptible to interference from dissolved colored 

material. At higher turbidities, light scatter can hit multiple particles as it travels, 

diminishing the light intensity. As the light intensity decreases, the accuracy of the 

instrument decreases. To compensate for this effect, a sample has to be diluted to 

below 40 NTU. 

 

Figure 1-4 Nephelometric turbidity setup. 

1.4 State of purpose 

As far as marine ecosystems is concerned, high turbidity levels can diminish visibility and 

often feeding behaviors, in addition to physically harming aquatic life. The suspended 

solids may disrupt the natural movements and migrations of aquatic  populations while 

fish  that  rely  on  sight  and  speed  to  catch  their  food  are  especially affected.  While 

turbidity increases, the amount of light available to submerged aquatic vegetation (SAV) 



 

decreases. Without enough light, photosynthesis will decline and the SAV will no longer 

produce dissolved oxygen. As this happens, the aquatic vegetation dies off resulting in 

the decline of the organisms that feed on it due to the reduced food sources available. 

In drinking water, turbidity is an  indicator  of  the  effectiveness  of the treatment  

processes,  particularly  filtration,  in  the  removal  of  potential  microbial pathogens. It 

is also essential to monitor the clarity of drinking water sources such as rivers and lakes.  

Uncommon turbidity peaks in measurements may uncover long term destructive 

pollution of valuable storages of fresh water. In diving industry underwater visibility is 

one of the most crucial parameters. Divers are attracted from seas with crystal clear 

water and wide variety of aquatic life. A clear marine environment makes divers feel 

more comfortable because the higher the visibility the more they feel like being in their 

natural environment on dry land. Moreover diving in low visibility conditions may 

sometimes be so stressful to amateur divers that could lead in a diving accident if safety 

rules are not followed. Even if there is usually satisfying visibility in a dive site, it could 

be ruined in a matter of hours because of heavy rain or land erosion making an already 

planned dive there impossible. 

Measuring water clarity using a method as the Secchi disc will not give someone very 

precise and accurate measurements. The parameter used so far (length) is improper 

since it works as a “cut-off” length not informing for intermediate visibility using a scale. 

Turbidity meters used in lab measurements are error prone due to small sample and to 

subjective, random sampling procedure. In addition, real time continuous measurement 

is not possible, so they cannot be used in remote sensing systems for preventing 

hazards (alarming signal).   

In this study, a method of measuring the visibility underwater is presented by 

implementing sharpness tests usually performed in the fields of photography and 

radiography. The measuring procedure of the optical properties of water is described 

and a custom made multispectral underwater imaging system was built in the 

laboratory for the needs of this work.  

1.5 Summary of the chapters 

In the second Chapter of this thesis, the theoretical background of the physical 

phenomena contributing to the degradation of underwater visibility is described. Light 

absorption and scattering are defined as well as their dependence on light wavelength. 

Chapter three contains the theory and the principals of measuring the Modulation 

Transfer Function. The flowcharts of the algorithms used are presented in this part as 

well. 



 

Chapters four and five consist of the design and implementation of the laboratory 

experimental and field setup respectively. The procedures of setting up parameters and 

building the final project are described in detail. Experimental results as well as results 

from the in-situ measurement of coastal waters are quoted including related comments. 

The final chapter represents the conclusion of this thesis with some additional thoughts 

for future improvements and further research. 

2 Light Matter Interaction 

2.3  Absorption 

Light as an electromagnetic radiation interacts with the molecules of the contacting 

matter. Atoms and molecules contain electrons. These electrons are bonded with atoms 

but their bonds are not stable. They have the tendency to vibrate more at specific 

natural frequencies similar to a tuning fork or a string of a guitar. When a light wave 

with that natural frequency impinges upon an atom, then the electrons of that atom will 

become excited and will be set into vibrational motion. Speaking in terms of energy, 

electrons absorb the energy of the electromagnetic wave which is transformed into 

vibrational motion and thus into thermal energy. Subsequently light energy is absorbed 

by the matter and is not to be released as light radiation again. [5] 

This mechanism is responsible of keeping Earth a livable planet. Sunlight that penetrates 

the atmosphere is absorbed by water molecules and converted into thermal energy 

avoiding freezing. Absorption is also responsible for the oxygen production by the plants 

during the process of photosynthesis.     

Since different atoms and molecules have different natural frequencies of vibration and 

natural light contains a wide band of different frequencies, they will selectively absorb 

different specific frequencies of light. A good demonstration of this is color. Lemons 

seem to be yellow to the eye of the observer because of the structure of the molecules 

on their skin. The whole spectrum of light is absorbed except the wavelengths near 

yellow color of about 570 nm which are reflected back to the eye.   

By relying on this method, physicists are able to determine the properties and material 

composition of an object by seeing which frequencies of light it is able to absorb. Every 

material has its own special characteristics in light absorption as a matter of frequency 

and intensity of the light being absorbed. The absorption and reflectance spectrum of 

each matter is called the spectral signature of the material and is a very helpful tool in 

space research and generally in remote sensing applications. 



 

2.3.1  Absorption in pure water 

The water molecule is one of the simpler molecules in the universe, composed of only 

three atoms: one oxygen atom and two hydrogen atoms. Pure water itself is an 

absorber of light because of its high concentration in O-H bonds. Light interacts with 

water molecules making them vibrate in three fundamental molecular vibrations, the 

symmetrical stretch (v1), the asymmetric stretch (v3) and the bend mode (v2) with 

frequencies 3657.05 cm-1 (2.73444 μm), 3755.93 cm-1 (2.66246 μm) and 1594.75 cm-1 

(6.27058 μm) respectively in the gaseous state.[6]  

 

Figure 2-1 Vibration and rotation modes of water molecule 

 

Moreover the changes in the energy states of the water molecule performing mode v1 

and mode v3 vibrations cause radiation of a much shorter wavelength, that is, much 

higher-energy photons to be absorbed. In addition to these three fundamental bands of 

light absorption, corresponding to molecular transitions from the ground state to the 

first excited state, or back from the latter state to the former, the absorption spectrum 

of the water molecule reveals a whole series of further bands due to energy transitions 

between various vibrational levels known as harmonic transitions. The absorption 

coefficient α(λ) of water, in other words the inverse of the distance light of a particular 

wavelength can penetrate a material before it is absorbed, expressed in cm-1 in respect 

to the light spectrum is presented in the figure below. 



 

 

Figure 2-2 Absorption coefficient spectrum of water 

Observing the aforementioned figure one can notice that water molecules absorb light 

over the whole spectrum. The highest part of absorption lies in the ultraviolet region 

while subsequently there is a quick drop in the beginning of the visible at about 400nm 

where light penetrates water more than one hundred meters before it gets absorbed. In 

the mid and far infrared region (above 1000nm) the absorption is intense as well letting 

light being absorbed in the first millimeters of water. This is the physical characteristic 

which allows oceans to store thermal energy from sunlight and adjust global 

temperature. In the visible part of the spectrum absorption is almost exponential to the 

light wavelength.  

2.3.2 Absorption in seawater 

Seawater unlike pure water is contaminated with a number of salts, metals, suspended 

solids, dissolved solids, and phytoplankton. The latter three of these can significantly 

alter the transmission qualities of seawater. The magnitude and spectral features of 

absorption depend upon the concentration and composition of the particulate and 

dissolved constituents and water itself. The inherent optical properties (IOPs) are 

conservative properties and therefore the magnitude of the absorption coefficient 

varies linearly with the concentration of the absorbing material. Theoretically, the 

absorption coefficient can be expressed as the sum of the absorption coefficients of 

each component: 

𝛼(𝜆) = 𝑎𝑤(𝜆) + 𝑎𝑝ℎ𝑦𝑡(𝜆) + 𝑎𝑁𝐴𝑃(𝜆) + 𝑎𝐶𝐷𝑂𝑀(𝜆)         (2.1) 

where subscriptions w, phyt, NAP and CDOM indicate water, phytoplankton, non-algal 

particles, and colored dissolved organic matter, respectively. For this reason it is obvious 



 

that absorption is not the same for every water body. For environments with low 

concentrations of suspended and dissolved material called oligotrophic, the absorption 

coefficient is dominated by water and the wavelength of minimum absorption is in the 

blue, hence the blue color of the seawater. For eutrophic and/or coastal environments 

with high concentrations of suspended and dissolved material, the absorption 

coefficient is dominated by that material and the wavelength of minimal absorption 

shifts to the green, lending green color to that environment. 

Last but not least, another factor that determines the color of the underwater world is 

the quality of the available light penetrating the water body. To the human eye, the 

spectral quality of sunlight might appear to vary little on days of similar weather 

conditions. However, scientific instruments can detect small but significant changes in 

light quality. These variations can be due to atmospheric oxygen content (which 

decreases with elevation), ozone level (often seasonal), and water vapor content.  

Particulate matter in the air also affects apparent sunlight color (this is vividly 

demonstrated during sunsets, after winds have carried dusts and smoke into the 

atmosphere during the day.) The time of year also plays an important part, as at higher 

latitudes sunlight travels through more of the atmosphere, due to solar elevation. It 

becomes obvious that many factors affect the true color of sunlight.  

 

Figure 2-3 Spectral distribution of sunlight energy.  

Considering the data of the absorption spectrum of the water and the spectrum of solar 

energy we realize that blue green wavelengths are more possible to be dominant 



 

underwater. Although wavelengths in the violet region are less absorbed than longer 

ones, light is more intense in the area of about 500nm. 

 

Figure 2-4 Attenuation coefficients of Mediterranean seawater. After Bradner  

As the figure above shows, absorption of light is minimal at wavelengths of 400 – 500nm 

(violet - blue-green) and becomes significant at about 550nm. Red and orange 

wavelengths are strongly absorbed. The quality of water this diagram was obtained 

from is classified as Jerlov Type I Oceanic water and was collected at depth in the 

eastern Mediterranean, where suspended particles (of about 1 micron in diameter) are 

present in concentrations of ~0.01 mg/liter. In short, this water's clarity is comparable to 

distilled water. [7] 

2.3.3 Absorption and penetration 

The figure below shows a color test chart in different depths of water in order to 

visualize the color loss as the depth increases. [8] 



 

 

Figure 2-5 Color loss as light path through water increases 

As one can see clearly from the figure above the color loss begins when the chart is 

placed even just a few centimeters underwater. Red is the first color that is being faded 

and then yellow until only green and blue are left. White patch, that actually contains 

every color of the light spectrum, becomes green blue because colors with longer 

wavelengths are being absorbed allowing only shorter to return back to the camera and 

be detected by the sensor.  

According to Beer-Lambert law, the intensity of an electromagnetic wave penetrating a 

material falls off exponentially with distance from the surface. The absorption 

coefficient αλ, with units of cm-1, at a particular wavelength (λ) is given by the equation 

I

Io
= 𝑒−α(𝜆)𝐿          (2.2) 

where I is the transmitted intensity of the light, I0 is the incident intensity of the light 

and L is the path length (cm). The absorption A, in optical density units is defined by the 

equation  

A = − log (
𝐼

𝐼𝑜
)         (2.3) 



 

The transmittance (T) of a sample is defined by  

T =
𝐼

Io
          (2.4) 

The penetration coefficient (δP) is the reciprocal of the absorption coefficient(
1

𝑎𝜆
). δP is 

the thickness of material when the amount of light has reduced to (
1

𝑒
) (i.e. 36.79%) of its 

original value. The thickness of material when the amount of light has reduced by 50% is  

𝛿𝑃 =
𝑙𝑛(2)

𝑎𝜆
=

0.693

𝑎𝜆
          (2.5) 

 

Figure 2-6 Penetration of light into seawater in meters, depending on wavelength. 

2.4 Scattering 

One of the most crucial factors contributing in degradation of the underwater visibility is 

the scattering of the light by particles in the water and the water itself. This 

phenomenon makes objects underwater seem hazy and in a longer distance than they 

really are. In extreme conditions of very turbid water visibility can be reduced down to 

just a few centimeters in front of the observer because of light scattering.  Scattering is 

the phenomenon where an incident light beam as an electromagnetic wave interacts 

with a particle or molecule, resulting in the deviation of its initial trajectory to different 

directions [9]. When light encounters an obstacle, it gets absorbed exciting its electrons. 

As soon as the electrons return back to their initial state, photons are emitted in the 



 

same frequency of the incident light (except Raman scattering in which scattering light is 

emitted at different wavelength) but in all directions.  

 

Figure 2-7 Scattering of incident radiation by particle 

Scattering is distinguished by x which is the ratio of α, which is the particle size, to λ, 

which is wavelength of the incidence radiation, in two types, Rayleigh and Mie 

scattering.  

 𝑥 = 2𝜋
𝑎

𝜆
          (2.6) 

2.4.1 Rayleigh scattering 

Rayleigh scattering named after the British physicist Lord Rayleigh (John William  Strutt) 

is the elastic scattering of light due to particles that are considerably smaller than the 

light wavelength (about ten times smaller). This scattering is more effective at 

wavelengths with higher energy like blue because the scattered intensity is strongly 

dependent on the light wavelength. In fact it is proportional to (
1

𝜆4). Rayleigh scattering 

is the main reason for the sky and the sea being blue. Water molecule size is ~0.2 nm 

which is much smaller than the shortest wavelength at the beginning of the visible 

spectrum. Therefore the light scattered down to the earth at a large angle with respect 

to the direction of the sun's light, is predominantly in the blue region of the spectrum. 

The scattering at 400nm is 9.4 times greater than at 700 nm for equal incident intensity. 

The amount of Rayleigh scattering magnitude is not constant but varies upon the angle 

through which scattered light is emitted called scattering angle. The formula of Rayleigh 

scattering is: 

I = Io
1 + 𝑐𝑜𝑠2(𝜃)

2𝑅2
 (

2𝜋

𝜆
)

4

(
𝑛2 − 1

𝑛2 + 2
)

2

(
𝑑

2
)

6

         (2.7) 

where I0 is the intensity of the incident radiation, R the distance to the particle, θ the 

scattering angle, λ the wavelength of the incident light, n the refractive index of the 

particle and d the diameter of the particle. The cos2(θ) shows that the radiation is 

emitted uniformly in all directions. 



 

2.4.2 Mie scattering 

Mie scattering, named after the German physicist Gustav Mie, is the scattering of light 

by particles with size comparable or larger than the incident light’s wavelength. Because 

Mie scattering is hardly wavelength dependent, scattered light looks white or light 

bluish, depending on the size of the scattering particles. That’s why clouds, where the 

whole spectrum of light is scattered approximately with the same intensity, appear to 

be white (Mie scattering) while the rest of the sky appears blue (Rayleigh scattering). 

Mie theory is very important in meteorological optics, where diameter-to-wavelength 

ratios of the order of unity and larger are characteristic of many problems regarding 

haze and cloud scattering. A further application lies on the characterization of particles 

via optical scattering measurements. The Mie solution is also important for 

understanding the appearance of common materials like milk, biological tissue and latex 

paint. In Mie scattering, the direction of the scattered light peaks forward, as is shown in 

figure below. 

 

Figure 2-8 Direction dependency of scattering 

 

 



 

2.4.3 Scattering in water 

Scattering in pure water or pure seawater is a quantity of fundamental importance in 

aquatic optics. The contribution by these hypothetically pure liquids, often used as a 

“blank”, must be subtracted from the observed scattering in order to derive the 

properties of particles that are often of primary interest. According to Einstein-

Smoluchowski theory, the scattering of light by a particle-free liquid happens due to the 

microscopic fluctuation of its dielectric constant (ε, or equivalently, the refractive index, 

n, where ε = n 2), which in turn is caused by localized fluctuations in density and mixing 

ratio (i.e., concentration). Representing the scattering with the volume scattering 

function at 90 degree, β(90), then 

𝛽(90) = βd(90) + βc(90)         (2.8) 

where βd(90) and βc(90) are the scattering due to density and concentration fluctuation, 

respectively. The scattering by pure water theoretically, which is due to density fluctuation 

entirely is expressed as [10]: 

βd(90) = 1 +
𝜋2

2𝜆4 (𝜌
𝜕𝑛2

𝜕𝜌
) 𝜅𝛵𝛽𝜏𝑓(𝛿)

𝛵

2
         (2.9) 

where λ is the wavelength, k the Boltzmann constant, and ρ, n, T, βT and f(δ) are the 

density, the refractive index in vacuum, the absolute temperature, the isothermal 

compressibility, and the Cabbanes factor of water, respectively. 

2.4.4 Volume scattering function & Phase function 

 

The volume scattering function (VSF), β(λ,ψ), describes the angular distribution of light 

scattered by a suspension of particles toward the direction ψ[rad] at a wavelength λ. Ιt 

is defined as the radiant intensity, dI(Ω,λ) [Wsr-1 nm-1] (Ω[sr] being the solid angle), 

emanating at an angle Ψ from an infinitesimal volume element dV[m3] for a given 

incident irradiant intensity,  E(0,λ) [W m2 nm-1]: [11] 

β(ψ) = 1 +
1

𝛦(0,𝜆)

𝑑𝛪(𝛺,𝜆)

𝑑𝑉
 [m-1sr-1]          (2.10) 

A measure of the overall magnitude of the scattered light, without regard to its angular 

distribution, is given by the scattering coefficient, β(λ) [m-1], which is the integral of the 

VSF over all angles: 

𝑏 = ∫ 𝛽(𝜓)𝑑𝛺 = ∫ ∫ 𝛽(𝜃, 𝜑)
𝜋

0

2𝜋

0

4𝜋

0

sin𝜃 𝑑𝜃𝑑𝜑 = 2𝜋 ∫ 𝛽(𝜃)𝑠𝑖𝑛𝜃 𝑑𝜃          (2.11)
𝜋

0

 



 

Other parameters that define the scattered light include the backscattering coefficient 

bb, which is defined as the total light scattered in the hemisphere from which light has 

originated (i.e., scattered in the backward direction): 

bb = ∫ β(ψ)dΩ = 2π ∫ β(θ)sinθ dθ
π

π/2

4π

0

          (2.12) 

 

Figure 2-9 The distribution profile and the angle of the VSF(Station A, inshore, 22◦56’ N, 114◦52’ E). a shows the 
three dimensional distribution of the VSF with profile and angle, b shows the distribution characteristics of the VSF 

with profile at different angles. 

 

Figure 2-10 Comparison of Daya Bay 2010 phase function with phase function derived from Petzold measurements 
in San Diego Harbor, Sokolov measurements in Black Sea and the Fournier-Forand analytical phase functions. Bb 
for this phase functions are about 0.018. 



 

From the figures above [12] it is clear that scattering in the water is dominant at the 

forward direction of light, below 30o while it is getting reduced for larger angles.   

2.4.5 Wavelength dependence of light scattering 

Early observations of light scattering, summarized by Morel (1973), indicated that the 

volume scattering functions of natural waters depends relatively weakly on the 

wavelength of light. Measurements of the visible spectrum of the scattering coefficient 

of the particles indicate also that the scattering coefficient of the particles may exhibit 

definite wavelength dependency [13]. Observing the figure below, it is obvious that Mie 

scattering is less dependent on the wavelength if compared to Rayleigh scattering. If the 

light incident on large particles is white in color, the particles are capable to scatter all 

wavelengths of white light equally. While, in the other hand, smaller particles tend to 

scatter the shorter wavelengths of white light such as violet, blue and green more 

effectively than the longer orange, yellow and red wavelengths. [14] 

 

Figure 2-11 Scattering cross section of both Rayleigh and Mie vs wavelength for specific size of particles.  

 

3 Modulation Transfer Function  

3.3 Definition 

Modulation Transfer Function or "MTF" is the most widely used scientific method of 
describing an optical system’s performance. Photographic optics, photolithographic 



 

optics, contact lenses, video systems, faxes and copy optics are included in the list of 
such optical systems. The modulation transfer function is, as the name suggests, a 
measure of the transfer of modulation (or contrast) from the subject to the image. The 
general description of this function is: 
 

MTF =
Relative Image Contrast

Relative Object Contrast
          (3.1) 

 

In other words, it measures how faithfully the system reproduces (or transfers) detail 
from the object to the produced image. When an object (illuminated target or reticle) is 
observed with an optical system, the resulting image will be somewhat degraded due to 
inevitable aberrations and diffraction phenomena. The more detailed the object is, the 
more effective the aforementioned distortions are which leads in a less sharp final 
image. Therefore the MTF is projected as the contrast at a given spatial frequency.  High 
spatial frequencies correspond to high image detail so the more extended the response, 
the finer the detail, the sharper the image produced by the system. [15][16] 
 

 
Figure 3-1 Perfect Line Edges before and after passing through a low-frequency pattern (left), high-frequency 

pattern (right), their corresponding MTF value (bottom). 

3.4 Spatial Frequency & Contrast  
The spatial frequency in an MTF figure X-axis is described in line pairs/mm. This refers to the 
density of black and white stripes that can be resolved from the system from a bar test target. 
Also can be described in cycles/mm when it has to do with sine wave test targets.  



 

 

As described in the equation above the MTF represents the contrast of an image in a 
specific resolution. Michelson contrast is described as 

Contrast/Modulation =
Imax−Imin

Imax+Imin
          (3.2) 

with Imax and Imin representing the highest and lowest luminance of the image. 
 

Considering the above, MTF is defined as 

MTF(f) =
Mcaptured(f)

Moriginal(f)
          (3.3) 

where Mcaptured and Moriginal are the modulations of the captured and the original image 
target respectively. 
 

 
Figure 3-2 Typical MTF & line pairs pictured 

 

3.5 MTF in Image Sensors & Lenses 
 

Every single line pair needs at least two pixels of the sensor in order to be captured as 
two lines of different color. So the maximum spatial frequency (resolution) of a sensor 
can be defined as twice the pixel’s length per line pair or 

fN = 0.5 cy/pixel           (3.4) 
 This is the Nyquist frequency of the sensor above which the sensor response is garbage.  
Any information above fN that reaches the sensor is aliased to lower frequencies, 
creating potentially disturbing Moire patterns. An ideal imaging sensor would have high 
MTF below the Nyquist frequency and low MTF at and above it. The fc is the cut-
frequency and is spotted at the point where MTF reaches zero.  
 
Usually in imaging systems component with the lowest MTF responses is the lens and 
not the sensor because a lens’ geometry affects more its ability to reproduce good 
quality image. Specifically the MTF is affected by the lens diameter (D), the focal length 
(f) and the f-stop (f/#). As the diameter increases the f/# decreases which leads in high 
light gathering ability making the lens ideal for measuring MTF values. 
 



 

f / # =
focal length

lens diameter
          (3.5) 

  

 
Figure 3-3 

 

The final MTF response is affected by both the lens and the sensor and also by other 
components of the system like video cables and image capture boards. 

MTFsys = MTFlens ∗ MTFsensor ∗  MTFcables ∗ …          (3.6) 

The following figure shows the overall MTF response as a contribution of the lens’ and 
the sensor’s MTF response. 

 
Figure 3-4 Overall  system lens and sensor MTF response 

It has been demonstrated by experiment that human vision has a bandpass 
characteristic whereby we see some spatial frequencies better than others. Just like a 
lens, the higher the spatial frequency of the detail we are looking at, the more difficult it 
is to resolve. However unlike a lens, the human visual system also doesn't see very low 
spatial frequencies well. The high frequency falloff is probably due to the optical 
limitations of the eye's lens, but the low frequency falloff is due to the physiology of the 
retina and the way the brain interprets visual information. So the human visual system 
can be considered to have an "MTF" which peaks as shown below: [17] 



 

 
Figure 3-5 Human visual system MTF 

 
 

3.6 MTF and wavelength dependence 

Different wavelengths can have different MTF effects in a system. The diffraction limit 
defines the smallest theoretical spot which can be created by a perfect lens, as defined 
by the Airy Disk diameter, which has wavelength (λ) dependence. Using the following 
equation, one can analyze the change in spot size for both different wavelengths and 
different f/#s. 

Minimum spot size (Airy Disk diameter) in μm = 2.44 × λ(μm) × f/#          (3.7) 

The following table shows the calculated Airy disk diameter in different wavelengths 
from Violet to Near-Infrared at various f/#s. It is clear that short wavelengths give better 
theoretical resolution and performance of the system than the longer ones. This is 
happening because short wavelengths utilize better the sensor’s pixels especially in 
sensors with very small pixel width. Moreover they allow greater depth of field due to 
the fact that in a specific f/# smaller spots of the disc are generated. 
 

 
Figure 3-6 Airy disc diameter in different wavelengths and apertures 

 

3.7 MTF Mathematical Background 

In order to understand better the mechanism of MTF is convenient to refer to some 
relative spread and transfer functions. In optical image capturing there is the form  

𝑔(𝑥, 𝑦) = ℎ(𝑥, 𝑦) ∗∗ 𝑓(𝑥, 𝑦)          (3.8) 



 

where 𝑥, 𝑦 are the spatial coordinates, 𝑓(𝑥, 𝑦) is the original input image, 𝑔(𝑥, 𝑦) is the 
captured image, ℎ(𝑥, 𝑦) is the system’s impulse response and ∗∗ is the 2-D convolution.  
Using the Fourier Transform the aforementioned form becomes 

G(u, v) = H(u, v) × F(u, v)         (3.9) 
where 𝐻(𝑢, 𝑣) is the transfer function of the system. When the transfer function is 
normalized to have the unit value at zero spatial frequency, the 𝐻(𝑢, 𝑣) is referred as 
the Optical Transfer Function (OTF). The OTF is a complex-valued transfer function 
which can be seen as a combination of these two real valued functions 

OTF(v) = MTF(v)eiPhTF(v)          (3.10) 
 

 where       MTF(v) = |OTF(v)|          (3.11) 
 
 and      PhTF(v) = arg (OTF(v))         (3.12) 
The arg (. ) represents the complex argument function, while 𝑣 is the spatial frequency 
of the periodic pattern. In general 𝑣 is a vector with a spatial frequency for each 
dimension, i.e. it indicates also the direction of the periodic pattern. [18] 

3.8 Ways of measuring MTF 

 
The most commonly used measuring patterns of the MTF are  

 Slanted Edge analysis 

 Sine Wave analysis 

 Square Wave analysis  
 

3.8.1 Slanted Edge Analysis 

The Slanted Edge method is one of the very few ISO standards for image sensor and 
camera measurements. The figure below shows a Slanted Edge test target in which may 
one see a dark square area tilted in front of a bright background. The optimal 
orientation of an edge is between 2o and 10o with reference to the column direction. 

 
Figure 3-7 Slanted edge test target 

Each row of the detector gives a different Edge Spread Function (ESF) or pixel intensity 
spatial profile.  

𝐸𝑆𝐹 =
𝑋−𝜇

𝜎
          (3.13) 

 



 

𝜎 = √
∑ (𝑥𝑖 − 𝜇)2𝑛−1

𝑖=0

𝑛
          (3.14) 

𝜇 =
∑ 𝑥𝑖

𝑛−1
𝑖=0

𝑛
         (3.15) 

where 

 ESF = the output array of normalized pixel intensity data 

 Χ = the input array of pixel intensity data 

 χi = the ith element of X 

 μ = the average value of the pixel intensity data 

 σ = the standard deviation of the pixel intensity data 

 n = number of pixels used in average 

 
Figure 3-8 The development of the signal from scanned image to final MTF  

 

The Line Spread Function (LSF) is identical to the first derivative of the ESF. So 
normalizing the Fourier transform of LSF results in the spatial frequency response (SFR), 
denoted as the MTF. [19][20] 
The flowchart of the analysis: 

 
Figure 3-9 Flowchart of the slanted edge method 

3.8.2 Sine Wave Analysis 

 

Sine wave analysis is performed using a sine wave test target like the one in the figure 
below. Each of the sine wave has a different frequency. 
 

http://en.wikipedia.org/wiki/Derivative


 

 
Figure 3-10 Sine wave pattern 

 

There are two methods to calculate the MTF using this kind of targets, the direct 
method and the Fourier method. 

 Direct Method 
When getting the scanned sine wave image it is easy to calculate the averaged peak 
value along with the mean value (direct component) of the sinewave. Going further the 
grey balance of the scanner and the density calibration of the test target have to be 
done. The modulation is based on the optical density, using the equation 

Modulation =
A − B

B
          (3.16) 

with A and B representing the luminance of the features and the background, 
respectively.  

 
Figure 3-11 Flow chart of the direct method using sine-wave target. 

 Fourier Method 
The difference between the Fourier method and the direct method is that after doing 

the Fourier analysis, the modulation is computed by the form 𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝐹(𝑁)

𝐹(0)
. We 

determine that the DC component energy F(0) and the energy F(N) at N, the number of 
sinusoidal cycles selected in the ’Region of Interest’. Fourier analysis has its advantage 
over the direct method because by Fourier transformation, the random white noise can 
be effectively suppressed. 



 

 
Figure 3-12 Flow chart of the Fourier analysis method using sine-wave target. 

 
 

3.8.3 Square Wave Analysis 

 
Figure 3-13 Square Wave test target 

 

An accurate sinewave target is very difficult to fabricate if we want only the single 
frequency in the sinusoidal function. Therefore, sometimes we use the grill/bar/square 
wave target, which is much easier to produce. It is defined, for an infinite square wave, 
the contrast transfer function (CTF) as the ratio of the captured and original 
modulations, which is similar the MTF defined for sinewave target. According to the 
Coltman formulas the relation between the CTF and MTF is 
 
MTF(f) =

π

4
[CTF(f) +

1

3
CTF(3f) −

1

5
CTF(5f) +

1

7
CTF(7f) +

1

11
CTF(11f) −

1

13
CTF(13f) + ⋯ ]          (3.17) 
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MTF(9f) −

1

11
MTF(11f) + ⋯ ] (3.18) 

 

Considering the Coltman formulas, in order to calculate the MTF, we need a set of 
higher harmonically related frequencies for CTF measurement. Nevertheless, it is 
impractical to have many harmonic frequencies. Therefore, the first term in the 
previous equation is taken as an approximate MTF. 
 

MTF ≈
π

4
CTF(f)         (3.19) 



 

 
As the equation above shows, usually the CTF is higher than the according MTF. If the 
measured CTF is directly considered as the MTF, without multiplying the CTF quantity by  
𝜋

4
 , a high-biased MTF is obtained. Like the sinewave pattern, grill pattern also is 

characterized by two different methods: 
 

 Direct method 

 Fourier method 
 

The Direct method of the square wave pattern requires one more step than the 
sinewave target, as the ratio of the modulations is the CTF. So, it is essential to multiply 

CTF by the factor of  
𝜋

4
 , in order to acquire MTF.  

 
The Fourier method of the square wave pattern analysis has two differences compared 
to the respective method of the sinewave target. The first one is the multiplication of 

CTF by  
𝜋

4
 , so as to get MTF. The second and the last one is that the modulation of the 

Fourier method needs to be normalized by 
𝜋

4
.  [21] 

Modulation =
F(N)

F(0)
/ 

4

π
           (3.20)  

3.8.4 Factors affecting MTF performance 

Despite the method that is adopted for measuring a system's performance, there exist a 

great number of other factors that influence MTF measurements. It is important to take 

into consideration each one of them, so as to minimize the inserted error in estimations, 

sparked by the environment or the equipment. The most important factors causing 

aberrations are listed below: 

i. Field Position 

ii. Spatial Orientation 

iii. Focal Length 

iv. Numerical Aperture  

v. Light Wavelength 

vi. Light used for Illumination (blue light gives higher MTF than red light. Normally, white 

light is used) 

vii. Size of Sensor 



 

viii. Type of Sensor (if the sensor is more sensitive to blue than red light, the result will 

be a higher MTF than a detector more sensitive to red). 

 

3.8.5 Comparison of the Methods  

 

ANALYSIS PROS CONS 

Slanted Edge single measurement, sim- 
pler and more popular 
method, edges are easy 
to generate, super-sam- 
pling to improve spatial 
resolution of analysis 

May give optimistic results 
in systems with strong 
sharpening and noise 
reduction (i.e., it can be 
fooled by signal processing, 
especially with high 
contrast (≥ 10:1) edges. 
Gives inconsistent results in 
systems with extreme 
aliasing (strong energy 
above the Nyquist 
frequency), especially with 
small regions. 

Sine Wave direct way to measure the 
signal contrast as a function 
of frequency, pattern 
where the optical density 
varies between black and 
white smoothly, line pro- 
le looks like a sine-wave, 
image quality information 
over a full range of 
frequencies instead of only 
the maximum obtainable 
resolution, suppress 
random white noise 

test targets difficult to 
produce, lots of 
measurements  

Square Wave easy generation of such 
patterns, direct use of 
Michelson equation either 
in spatial(direct 
method) or frequency 
domain(Fourier method), 
 

small distortion in the MTF, 
because transferring CTF to 
MTF is not a simple linear 
transformation and yields a 
slightly higher MTF, lots of 
measurements 

Figure 3-14 Comparison of available methods for MTF analysis 

 



 

 

Figure 3-15 Comparison of MTFs derived from pictures captured by the same system (MuSIS HS, Navitar macro lens 
at 25mm, IEEE Εdmund test target) by both square wave and slanted edge analysis. 

4 Laboratory Implementation 

4.3 Design of the Experiment 

Considering the aforementioned MTF methods we tried to determine underwater 
visibility by measuring the MTF of the water. The degradation in the MTF values over 
specific spatial frequencies comparing to the values of the camera out of the water 
would show the decrease in the maximum distance at which an object can be discerned 
underwater. Taking advantage of the simple equation (3.6) which shows the 
components’ contribution in a system’s MTF and considering water as component of the 
system the following equation occur.  

MTFtotal = MTFsys ∗ MTFwater         (4.1) 

thus,  

MTFwater =
MTFtotal

MTFsys
          (4.2) 

Subsequently, knowing the MTF of clear water as a measurement control it is easy to 

calculate the degradation of the visibility by measuring MTF values in solutions with 

different concentrations of light scattering particles. By doing so the underwater 

visibility could be expressed as a percentage towards the ideal visibility of the pure 

water:   
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𝑣𝑖𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
MTFx

MTF0
          (4.3) 

where MTFx is the MTF of the measuring water and MTF0 is the MTF of clear water. 

Moreover it was essential to investigate the behavior of the MTF in the water over 

different wavelengths of light. As it is mentioned above light at short wavelengths is 

strongly scattered by water and particles but slightly absorbed. On the other hand, light 

in the red and near-infrared region of the spectrum although it is less susceptible to 

scattering, it is strongly absorbed. So it is expected to have different MTF figures over 

the light spectrum with much valuable information about the effects of scattering and 

absorption in the water medium.      

4.4 Instrumentation 

 

Figure 4-1 Lab experimental setup 

The initial concept of the experimental set up includes the construction of a system that 

could acquire pictures of a test target through different qualities of water. In order to 

perform that we used a multispectral camera with a lens, a test target, a light source 

and a water tank.  

 Camera 

The camera used was a MuSIS HS hyperspectral imager which can display images in real 

time and automatically capture a spectral cube of an object. It can perform spectral 

imaging in 30 spectral bands, of about 20nm width each, from Ultraviolet to Near 

Infrared with a range of 360nm to 1000nm. This camera is supplied with an 1/3 inch 

square pixel progressive scan CCD sensor with resolution of 1600x1200 pixels. 



 

 

Figure 4-2 MuSIS HS imaging system 

 Lens 

The lens used was a Navitar 7000 zoom lens. This lens features manual focus and 

an integrated adjustable iris diaphragm. Has a focal length of 18-108mm and 

maximum f-stop number 1/2.5. We used this kind of lens because of its high 

ability to deliver more light intensity (illuminance) to the focal plane achieving 

high MTF values. This would help to have a wider region of measurement over 

different concentrations of dissolved matter in the water. 

 

 

 

 Test target 

For acquiring the MTF of the images an IEEE reflection target manufactured by 

Edmund optics was used. The IEEE target has been designed as a method of 

characterizing the amount of fine detail (resolution) that a camera system is able 

to reproduce from an original image. This target was ideal for the experiment 

because it has a bar pattern and a slanted edge used in both Direct square wave 

and Slanted edge MTF methods respectively. Also it could fit nicely under the 

water tank (target dimensions: 24.4x18.4 cm). 

Figure 4-3 Navitar 
7000 zoom lens 



 

 

Figure 4-4 IEEE Resolution Target 

 Light source 

In order to perform the experiment with conditions as close to the natural 

environment as possible two 3300K halogen lamps at 750lm were used.  

 

Figure 4-5 Halogen light spectrum 

 Water tank 

The water tank used is a Hailea F60 aquarium which can contain up to 60 liters of water. 

The specific tank was used because of its bottom made of clear glass. That could allow 

placing the target underneath the aquarium and taking pictures through the water 

without getting the paper target wet. A vertical setup was chosen in order to avoid the 

multiple refractions from both glasses at the sides of the tank. 



 

4.5 Conducting the experiment  

4.5.1 Setting up conditions 

First of all, the camera was calibrated on the intensities of the light provided from the 

lamps at each filter wavelength so the images of the spectral cubes are equivalent. The 

lamps were positioned at the sides of the water tank as in the figure 4-1 is presented at 

an angle of 45o. Then 9 liters of tap water were added in the tank making a depth of 

13cm. The camera with the lens was positioned above the surface of the water at 25cm 

distance from the test target which was lying underneath the water tank. After 

capturing the first spectral cube in clear water, full fat milk was added in the solution in 

order to make the water turbid. Images of the target were captured using solutions with 

0.2ml, 0.4ml, 0.6ml, 0.8ml, 1.6ml, 2.6ml and 4.6ml of milk making concentrations of 2.22 

10-5%, 4.44 10-5%, 6.66 10-5%, 8.88 10-5%, 17.7 10-5%, 28.88 10-5%, 51.11 10-5% 

respectively. 

4.5.2 Acquiring images 

In order to obtain images that would provide correct data for the next step of 

processing the test target was aligned with the lens of the camera so the region of 

interest is positioned at the center of the image plane. This was done in order to avoid 

aberrations from the optics of the lens at the edges of the plane. Before adding water in 

the tank a spectral cube of the test target was obtained for Subsequently, one spectral 

cube for every different water solution was obtained using the MuSIS HS software at the 

following wavelengths: 420nm, 440nm, 460 nm, 480 nm, 500 nm, 520 nm, 540 nm, 560 

nm, 580 nm, 600 nm, 620 nm, 640 nm, 660 nm, 680 nm, 700 nm, 720 nm, 740 nm, 760 

nm, 780 nm, 800 nm, 820 nm, 840 nm, 860 nm, 880 nm, 900 nm and 920 nm. Images of 

the target above 920 nm were completely black due to the strong absorption of the light 

radiation by water and the low performance of the light source at this specific region of 

the spectrum.  Before any image capture was made after a change in the light 

wavelength, a manual adjustment focus had to be made carefully in order to achieve 

the best possible sharpness of the image. 

4.6 Processing data 

Two different methods of estimating the MTF from an image were utilized in Matlab 

environment, the Direct Square Wave analysis and the Slanted Edge analysis. 

4.6.1 Direct Square Wave analysis implementation 

Based on a previous thesis work by Chantzi Euthymia (October 2013), a Matlab GUI was 

put into operation for retrieving the MTF of the system using a bar pattern with 

different spatial resolutions, in respect to the mathematical background of the (3.6.3).  



 

 

Figure 4-6 Snapshot of MTF GUI environment 

Firstly, an image of the test target that is captured by the imaging system has to be 

chosen. The wavelength at which the image ιs shot as well as the lens aperture, are 

being asked as an input before moving on for keeping record of the measurement. 

Secondly, the aforementioned image is shown in order to select a region of interest 

(ROI) in a specific spatial frequency in lp/mm. The Modulation Transfer Function is being 

estimated from a horizontal line in this area and the results along with the spatial profile 

of the pixels are depicted. This process is being repeated for every part of the target 

with different spatial frequency. After having evaluated the MTF value at the desirable 

frequencies the software plots the MTF curve across the inserted frequencies. Data, 

including MTF values and respective frequencies are stored automatically into text files 

for further processing. A flow chart of the described procedure is illustrated in the 

following figure for better understanding. 



 

 

Figure 4-7 Flow chart of the MTF evaluation by Direct Square Wave analysis 

4.7 Results & Discussion 

The following figures show the raw MTF measurements of the different aforementioned 

milk solutions. Solutions denser than 17.7 10-5% concentration of the scattering 

substance were too turbid exceeding the measuring limits of the system at short 

wavelengths. The light wavelengths selected are indicative of the MTF response over 

the examined light spectrum. The rest of the measurements are attached in the 

appendix section. 



 

 

Figure 4-8  MTF measurement of different turbidity solutions at 440nm. 

 

Figure 4-9 MTF measurement of different turbidity solutions at 540nm. 



 

 

Figure 4-10 MTF measurement of different turbidity solutions at 640nm. 

 

Figure 4-11 MTF measurement of different turbidity solutions at 800nm. 



 

 

Figure 4-12 MTF measurement of different turbidity solutions at 900nm. 

Examining the set of the MTF curves above it is obvious that modulation values are 

reduced as the visibility through the liquid sample is decreased. This reduction is evenly 

distributed among the low and high spatial frequencies especially in the region of 

440nm to 540nm where light scattering is more intense. In low frequencies though, the 

difference of the modulation is more discrete over the whole spectrum. The system is 

able to discern even the slightest changes in the concentration of the solution 

(+0.0022%) which are not detectable by the naked eye.  

One of the most significant observations that can be obtained from the figures above is 

that the sensitivity of the system in changes of the water clarity is altered by the 

wavelength of light in accordance with literature. In wavelengths close to the violet 

region the scattering of light is more intense, making image degradation stronger. Thus 

MTF values are dropping more in this region than the ones retrieved from images in 

wavelengths close to red and NIR region for the same changes in concentration of the 

scattering substance. Comparing the figures at 440nm and at 900nm it is clear that 

system is more sensitive at the first wavelength. At 10.23 lp/mm, the difference in 

turbidity from clear water to the 2.22 10-5% solution corresponds to 17% degradation of 

the modulation for the 440nm, while for the 900nm corresponds to only 4% 



 

 

Figure 4-13 MTF values at 2.95lp/mm over the light spectrum for 5 different solutions.      

 

Last but not least, the range of different turbidities the system is able to measure 

depends on the light wavelength as well. For the same light scattering reasons this 

range is by far wider at 900nm than at 440nm. In the latter case MTF values for a 

concentration of 17.7 10-5% at 10.23 lp/mm drops down to 0.08%, while in the former 

MTF remains above 30%. Thus in the case of measuring a very turbid media, a NIR 

wavelength has to be selected. The figure below presents exactly this dependence of 

the intensity of light scattering with the light wavelength.     



 

 

Figure 4-14 Both images are shot through the same turbid medium of 8.88 10
-5

% concentration of scattering 
substance. The left one is shot at 420nm where Mie light scattering is dominant while the right one at 900nm 
where light is less susceptible to scattering. 

5 Underwater Imaging System 

5.3 Design of the device 

The object of this attempt was to transfer the previous experiment in the real world 

making in situ measurements of seawater MTF. The challenge was to make a completely 

waterproof capturing device that produces consistent results about the optical 

properties of the water. The whole design and construction of the device took place in 

the optoelectronics laboratory.  

 

Figure 5-1 Underwater imaging system ready for making in situ measurements in the area of Chania gulf. 



 

5.4   Instrumentation 

For the implementation of this idea several hardware components were used. An 

underwater housing was constructed in order to contain the camera and any light 

source that could be used. In order to obtain the MTF a waterproof sharpness test 

target was designed and placed in front of the lens. A multispectral camera and a macro 

lens were used as well. 

 Camera 

The camera used was a MuSIS MS multispectral imager made by Forth Photonics. The 

specific system was used because of its portability and low power supply needs. Its 

dimensions are 90 mm (L) x 90 mm (W) x 110 mm (L) and is connected to a portable 

computer by an ieee 1394 firewire cable without the need of any external power. It can 

perform spectral imaging in 8 spectral bands from Ultraviolet to Near Infrared with a 

range of 360nm to 1100nm. This camera is supplied with a Dragonfly2 1/2 inch square 

pixel progressive scan CCD sensor with resolution of 1024x960 pixels. 

 

Figure 5-2 MuSIS MS imaging system 

 Lens 

The lens mounted to the camera is an Electrophysics L25F1.4 objective macro lens. This 

lens features manual focus and an integrated adjustable iris diaphragm. Has a focal 

length of 25mm and maximum aperture ratio of F1.4. These lenses also feature 

broadband lens coatings making them ideal low cost solutions for imaging in the near-

infrared spectral range with reduced flare and ghosting. Its spectral transmission range 

is from 400nm to 2200nm. 



 

 

Figure 5-3 Electrophysics 25mm objective lens 

 Underwater Housing 

The underwater housing was made by modifying a water pipe neck used in water supply 

networks for fitting tube ends. Combined with an electro fusion straight saddle we 

ended up to a plastic cell of 225mm diameter with a 32mm hole at the center as an 

outlet for the camera cable. Both parts are depicted in the figure below. 

 

Figure 5-4 HDPE pipe fitting and electro fusion saddle 

At the wide side of the pipe a 5mm circular glass was installed. The specific material and 

thickness were chosen in order to endure the external pressure of the water while 

avoiding much interference with incident light. The glass is sealed by two O-rings at the 

surface of the pipe and is secured by six M6 socket head cap screws. At the back end six 

headless screws were planted into the perimeter of the pipe. There a round plastic cap 

is placed, sealed by an O-ring as well and secured by butterfly nuts. In the inside a piece 

of metal bar (for partially balancing the positive buoyancy of the housing) is hot glued at 

the walls and a plastic ram ending to a butterfly screw keeps the camera in place. At the 

top a threading was created in order to bind an aluminum rod that is used as a path for 

the cable towards the surface and the computer and also as a handle of the device. The 



 

rod is composed by two pieces of 1.20 meters each for portability reasons. Every joint is 

secured by O-rings and water resistant lubricant. This prototype was created driven by 

the idea of a simple and adjustable underwater housing with the smallest possible 

probability of a flooding accident.      

 Underwater Test Target 

Due to the lack of waterproof and durable test targets in the market, a custom made 

one had to be made. A bar pattern with five different spatial frequencies was carefully 

designed on a design software and was framed by 24 different color patches. Then it 

was printed on glossy paper by a high resolution color printer and was plasticized in 

order to become water resistant. A back plate made from plexiglass was the base where 

the target was secured. The whole extension was placed in front of the housing at a 

distance of 1.20m by 4 aluminum rails screwed at the sides of the plastic saddle.  

5.5 In situ measurements 

The measurements took place in harbor water and coastal water in the gulf of Chania. 

The day when images were captured the water in the harbor seemed to be extremely 

murky and had a green shade due to eutrophication as it is figured in the picture below. 

In order to avoid poor light conditions underwater, the visibility measurements were 

conducted between 10:00 to 14:00 under a cloudless sky. Firstly, the camera was 

calibrated over light intensities of each filter wavelength and a spectral cube of the 

target was captured out of the water as a measurement control. During image 

acquisition the camera was positioned facing at the right opposite direction of the sun 

so the target was properly illuminated. In order to obtain the images needed for the 

estimation of the underwater visibility the device was submerged vertically in the water 

at depths of 1m and 2m with respect to the aforementioned direction. The test target 

was shot at wavelengths of 500nm, 600nm, 700nm, 800nm, 900nm and 1000nm while a 

colored image was obtained as well. The data of the images were subsequently 

processed by the same software as in the experimental setup while an additional MTF 

measuring software was developed for multiple results.  

 



 

 

Figure 5-5 Eutrophication in harbor water. 

5.5.1 Slanted Edge analysis implementation 

A Matlab script compliant with the ISO 12233 standard was developed for retrieving 

MTF data from images of the target. Firstly, the picture of the target is loaded and a 

region of interest including the slanted edge is selected. Then the user is asked to insert 

the step size which is the size of the sensor’s pixels in order to adjust the spatial 

frequency axis. The edge is located in every horizontal line of the ROI and a second 

order fit to the edge is calculated reducing the signal noise. The image data for all pixels 

are projected along the direction of the edge to form an one-dimensional averaged 4x 

oversampled Edge Spread Function (ESF). This allows analysis of spatial frequencies 

beyond the normal Nyquist frequency. The derivative (d/dx) of the averaged ESF is 

calculated producing the Line Spread Function (LSF). A windowing function is applied to 

force the derivative to zero at its limits in order to reduce aliasing phenomenon. MTF is 

the normalized absolute value of the discrete Fourier transform (FFT) of the LSF.  



 

 

Figure 5-6 Slanted edge MTF estimation algorithm steps 

 

5.6 Results & Discussion 

The following figures show the raw MTF curves produced by both direct square wave 

and slanted edge analysis. While images of the test target were shot at 900nm and 

1000nm, MTF measurements could not be obtained from these because of the strong 

absorption of Near Infrared light by the water. In addition MTF curves of images at 

800nm are totally affected by thermoelectrical noise of the camera sensor because the 

gain factor had to be adjusted to the maximum in order to overcome the light 

absorption at this wavelength.    

 

Figure 5-7 Seawater MTF 500nm 
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Figure 5-8 Seawater MTF 600nm 

 

Figure 5-9 Seawater MTF 700nm 
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Figure 5-10 Seawater MTF 800nm 

 

Observing the figures above, it is clear that MTF values over every wavelength and 

spatial frequency are quite low in relation to the control as a result of the high turbidity 

of the water. Looking carefully though, one can see that as the light wavelength 

increases, contrast is slightly increased as well because of the reduced effect of light 

scattering. The intensity of Mie light scattering at a specific angle is related to the size 

ratio  𝑥 = 2𝜋
𝑎

𝜆
  (α is the size of scattering particles and λ the wavelength of scattered 

light) as it is mentioned previously. Thus, in the direct square wave curves, modulation 

values at 20 lp/mm are increased at about 3% for every 100nm increase in light 

wavelength according to figures of 500nm, 600nm and 700nm.  Taking an average of the 

modulation value of water calculated by equation (4.2) over these three wavelengths at 

20 lp/mm the underwater visibility is estimated to be 16.06%. 

MTF curves obtained from the slanted edge analysis, although they don’t coincide with 

the ones from the direct square wave, they have the same alterations over different 

wavelengths. These curves show a more optimistic estimation of underwater visibility 

because of the lack of an appropriate slanted edge shape in the test target. 
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Measurements were conducted by taking as slanted edge the edge of a nearly straight 

black and white line.   

   

6 Conclusion and Future Work 
Underwater visibility is one of the most fundamental parameters in oceanography and 

marine biology. The need for more accurate, cheaper and faster measuring tools is 

clearly evident. This thesis aimed in taking the first significant steps of establishing a 

simple innovative method for measuring this parameter using ordinary equipment as an 

underwater camera.  

Despite the complexity of the subject, it is proved that underwater visibility can be 

measured by a system based on image capturing and digital processing, in contrast to 

the methods already existed. Both experimental and field applications of the imaging 

system produced significant results about light absorption and light scattering in the 

water, opening the field for further measurements of the optical characteristics of water 

based on this method. All these results come in agreement with theoretical estimations 

and follow the principals in optic physics. 

In the future, a similar study including more optical phenomena in seawater as Raman 

scattering and particle fluorescence would be beneficial, since light is able to carry a 

huge amount of information about the matter that interacts with. Moreover, data of 

light scattering over different wavelengths could contribute significantly in the 

determination of the size of scattering particles providing valuable findings of the water 

consistency in nature. For that purpose, a scattering distribution model based on this 

study could be developed. Finally, similar devices as the one implemented during this 

thesis could be installed permanently in coastal waters creating a whole network of 

remote sensing stations with real time data responses. Daily monitoring of the condition 

of the water would be able not only to provide data of scientific interest but to set an 

alert on time in case of a potential water contamination. Considering those, a complete 

monitoring system as such would be an extraordinary useful tool for scientists, water 

quality organisations, public safety authorities, tourist authorities and diving schools.   
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Appendix 
 

Tables of MTF measurements during laboratory implementation 

          420nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.572409 0.521282 0.450394 0.390802 0.317415 0.250196 
 2.22 10-5% 0.395999 0.37685 0.311905 0.254156 0.170035 0.131947 
 4.44 10-5% 0.293059 0.267709 0.207076 0.145308 0.08278 0.081812 

 6.66 10-5% 0.209891 0.190561 0.161484 0.146803 0.111066 0.091696 

 8.88 10-5% 0.144679 0.132123 0.1122 0.096322 0.0714 0.069946 

      17.7 10-5% 0.066883 0.054978 0.044305 0.040071 0.036625 0.031416 

 

                  440nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.631972 0.612121 0.547523 0.424888 0.311371 0.268185 
 2.22 10-5% 0.460914 0.440589 0.384518 0.295855 0.193504 0.1496 
 4.44 10-5% 0.335546 0.320688 0.257677 0.179943 0.1071 0.087266 

 6.66 10-5% 0.249392 0.238355 0.198416 0.143567 0.092142 0.076296 

 8.88 10-5% 0.184464 0.163459 0.148812 0.114626 0.079422 0.062475 

      17.7 10-5% 0.078955 0.068295 0.055 0.044123 0.03611 0.031779 

 

                  460nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.468483 0.436332 0.372257 0.307522 0.273767 0.252077 
 2.22 10-5% 0.367888 0.329747 0.290727 0.223124 0.15708 0.14243 

 4.44 10-5% 0.287172 0.261799 0.206222 0.151725 0.083366 0.068471 

 6.66 10-5% 0.211933 0.187 0.155305 0.110932 0.062061 0.066427 

 8.88 10-5% 0.154144 0.133369 0.088272 0.065262 0.039053 0.027627 

      17.7 10-5% 0.061041 0.059018 0.048481 0.033729 0.027398 0.028784 

 

                  480nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.623196 0.625656 0.561693 0.410904 0.27869 0.257935 
 2.22 10-5% 0.484973 0.476687 0.424408 0.306877 0.16374 0.166252 

 4.44 10-5% 0.387349 0.36773 0.326843 0.228019 0.109083 0.093369 

 6.66 10-5% 0.29209 0.280012 0.239034 0.167214 0.080143 0.06545 

 8.88 10-5% 0.218166 0.20913 0.170739 0.112917 0.053067 0.037916 

      17.7 10-5% 0.108747 0.085043 0.062005 0.04744 0.033186 0.022124 

  
 
 
 

       



 

          500nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.566113 0.560999 0.478402 0.349066 0.253926 0.220893 
 2.22 10-5% 0.451378 0.444744 0.374732 0.279731 0.187558 0.181246 

 4.44 10-5% 0.361103 0.349066 0.310026 0.211245 0.110538 0.0952 

 6.66 10-5% 0.276932 0.274648 0.234599 0.159202 0.079678 0.075631 

 8.88 10-5% 0.218424 0.199427 0.159133 0.106135 0.050853 0.028664 

      17.7 10-5% 0.101581 0.097533 0.063681 0.043633 0.034148 0.017453 

 

                  520nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.618094 0.588433 0.471239 0.349703 0.265922 0.240163 
 2.22 10-5% 0.487969 0.467262 0.400713 0.297714 0.213093 0.207345 

 4.44 10-5% 0.391527 0.37519 0.325914 0.235619 0.152209 0.145904 

 6.66 10-5% 0.302804 0.29515 0.258213 0.183817 0.1122 0.115679 

 8.88 10-5% 0.233239 0.229811 0.187 0.137937 0.070334 0.042619 

      17.7 10-5% 0.11963 0.104354 0.085992 0.073539 0.036249 0.030921 

 

                  540nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.630258 0.601799 0.518029 0.34841 0.244632 0.239613 
 2.22 10-5% 0.497087 0.479673 0.426359 0.302076 0.146863 0.1254 

 4.44 10-5% 0.407612 0.395335 0.353982 0.242115 0.144513 0.141629 

 6.66 10-5% 0.337303 0.31728 0.280107 0.189183 0.125297 0.119381 

 8.88 10-5% 0.258421 0.251114 0.20196 0.15015 0.079149 0.038003 

     17.7 10-5% 0.137307 0.12462 0.088579 0.065949 0.046936 0.032454 

 

                 560nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.610865 0.583058 0.517781 0.345575 0.211716 0.205194 
 2.22 10-5% 0.482947 0.471239 0.423776 0.289357 0.128754 0.073841 

 4.44 10-5% 0.405532 0.385952 0.354884 0.237446 0.1122 0.108331 

 6.66 10-5% 0.318136 0.307791 0.28432 0.194873 0.097001 0.097363 

 8.88 10-5% 0.261799 0.240208 0.193504 0.143065 0.087266 0.032454 

     17.7 10-5% 0.146247 0.122808 0.088579 0.072498 0.050671 0.03927 

 

                 580nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.630385 0.609645 0.507488 0.318054 0.215463 0.199064 
 2.22 10-5% 0.521842 0.495748 0.450932 0.304025 0.12401 0.104002 

 4.44 10-5% 0.438599 0.415799 0.369599 0.243319 0.129243 0.143421 

 6.66 10-5% 0.356047 0.341357 0.28507 0.20408 0.1122 0.116102 

 8.88 10-5% 0.289912 0.276706 0.226099 0.159534 0.07854 0.033564 

      17.7 10-5% 0.15708 0.151368 0.119 0.085903 0.044697 0.0198 

 



 

                  600nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.565104 0.538191 0.460019 0.286153 0.1914 0.171911 

 2.22 10-5% 0.47319 0.445767 0.395565 0.265827 0.136309 0.117978 

 4.44 10-5% 0.409988 0.371472 0.302076 0.1904 0.128754 0.119806 

 6.66 10-5% 0.330954 0.315228 0.271319 0.182165 0.09578 0.0858 

 8.88 10-5% 0.278369 0.258213 0.227652 0.15708 0.0748 0.05236 

      17.7 10-5% 0.159202 0.145656 0.110493 0.07794 0.050671 0.033 

 

                  620nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.591599 0.570221 0.491953 0.298131 0.150098 0.154144 
 2.22 10-5% 0.485707 0.47783 0.410283 0.285308 0.118157 0.072722 

 4.44 10-5% 0.422508 0.408837 0.329926 0.194779 0.116102 0.11424 

 6.66 10-5% 0.356047 0.34292 0.301168 0.194779 0.081248 0.077832 

 8.88 10-5% 0.293533 0.280107 0.226893 0.164386 0.069592 0.038397 

      17.7 10-5% 0.183817 0.15015 0.101922 0.101342 0.077529 0.045786 

 

                   640nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.616388 0.597529 0.522647 0.316693 0.20312 0.19992 
 2.22 10-5% 0.52274 0.50982 0.452553 0.329361 0.140617 0.087266 

 4.44 10-5% 0.450971 0.436332 0.369599 0.214199 0.14643 0.14025 

 6.66 10-5% 0.379696 0.370882 0.334949 0.218679 0.106495 0.107257 

 8.88 10-5% 0.324631 0.316341 0.273435 0.174533 0.09163 0.090356 

      17.7 10-5% 0.19635 0.186461 0.1785 0.119381 0.05236 0.055116 

 

                   660nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.607663 0.587748 0.488375 0.298759 0.162382 0.176038 
 2.22 10-5% 0.527577 0.49184 0.399788 0.286153 0.135871 0.054165 

 4.44 10-5% 0.462431 0.426961 0.372634 0.253744 0.115878 0.129243 

 6.66 10-5% 0.390229 0.364744 0.299468 0.214199 0.092213 0.05236 

 8.88 10-5% 0.338019 0.322766 0.265566 0.177542 0.08301 0.082155 

      17.7 10-5% 0.213731 0.194957 0.1617 0.1071 0.049867 0.038003 

 

                   680nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.608684 0.574553 0.475825 0.270177 0.148955 0.155696 
 2.22 10-5% 0.52191 0.500794 0.431083 0.291357 0.114118 0.08415 

 4.44 10-5% 0.463184 0.433891 0.376641 0.232478 0.106495 0.110231 

 6.66 10-5% 0.402768 0.371472 0.296706 0.221367 0.115878 0.0462 

 8.88 10-5% 0.349629 0.327249 0.277199 0.171806 0.067874 0.066559 

 



 

     17.7 10-5% 0.219911 0.199115 0.171252 0.12083 0.050671 0.032454 

 

                   700nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.562384 0.544543 0.450449 0.234681 0.148955 0.137789 
 2.22 10-5% 0.501641 0.482072 0.414761 0.266022 0.110231 0.12401 

 4.44 10-5% 0.432976 0.417074 0.366519 0.249333 0.100692 0.075125 

 6.66 10-5% 0.380031 0.36436 0.306568 0.225269 0.093183 0.054165 

 8.88 10-5% 0.333666 0.320796 0.277547 0.191711 0.060415 0.04699 

      17.7 10-5% 0.229742 0.206982 0.1785 0.117501 0.0462 0.0462 

 

                   720nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.562274 0.53937 0.456866 0.302076 0.166783 0.144513 
 2.22 10-5% 0.464827 0.452644 0.365118 0.269122 0.127856 0.076006 

 4.44 10-5% 0.397319 0.382882 0.315228 0.22873 0.108747 0.056549 

 6.66 10-5% 0.335287 0.319977 0.268758 0.167913 0.087266 0.072498 

 8.88 10-5% 0.283487 0.258485 0.188496 0.150624 0.087266 0.036249 

      17.7 10-5% 0.176715 0.159133 0.137647 0.093369 0.040724 0.036249 

 

                   740nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.554115 0.513127 0.376876 0.29833 0.223014 0.1122 
 2.22 10-5% 0.484814 0.469165 0.403919 0.282252 0.105788 0.103003 

 4.44 10-5% 0.431969 0.416419 0.359615 0.220893 0.108551 0.115878 

 6.66 10-5% 0.386466 0.367577 0.326068 0.209237 0.088674 0.101342 

 8.88 10-5% 0.33517 0.316822 0.273182 0.185858 0.0748 0.069115 

      17.7 10-5% 0.232227 0.217238 0.187558 0.117501 0.047313 0.053194 

 

                   760nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.593838 0.578714 0.519749 0.329361 0.121872 0.110231 
 2.22 10-5% 0.530144 0.509447 0.419273 0.315396 0.153 0.055116 

 4.44 10-5% 0.477204 0.451873 0.350046 0.269981 0.165 0.075125 

 6.66 10-5% 0.422152 0.413926 0.361168 0.233165 0.09163 0.073841 

 8.88 10-5% 0.371506 0.355043 0.304781 0.216448 0.09163 0.033564 

      17.7 10-5% 0.268828 0.246839 0.214199 0.137133 0.05236 0.04699 

 

                   780nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.616388 0.597529 0.536783 0.325653 0.137789 0.151315 
 2.22 10-5% 0.552312 0.521842 0.457172 0.324133 0.129761 0.050438 

 4.44 10-5% 0.493391 0.47877 0.392699 0.286733 0.137789 0.04284 

 6.66 10-5% 0.439721 0.421234 0.363393 0.257611 0.102443 0.04284 

 



 

8.88 10-5% 0.395266 0.381791 0.323399 0.216448 0.087266 0.066323 

      17.7 10-5% 0.279731 0.265566 0.226099 0.139345 0.050562 0.0561 

 

                   800nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.63215 0.610865 0.544619 0.329361 0.137789 0.147038 
 2.22 10-5% 0.570755 0.562384 0.544543 0.459603 0.3375 0.145959 0.050438 

4.44 10-5% 0.516971 0.486199 0.429195 0.287341 0.118157 0.0714 

 6.66 10-5% 0.467262 0.43277 0.354884 0.274266 0.116102 0.042075 

 8.88 10-5% 0.412837 0.38732 0.339948 0.232478 0.094789 0.062554 

      17.7 10-5% 0.296475 0.28408 0.242115 0.146863 0.060415 0.068895 

 

                  820nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.613518 0.587092 0.496649 0.244632 0.15986 0.151315 
 2.22 10-5% 0.559596 0.528942 0.467709 0.309009 0.126225 0.122493 

 4.44 10-5% 0.516971 0.479966 0.392699 0.304025 0.145959 0.050438 

 6.66 10-5% 0.45732 0.422907 0.356999 0.270177 0.137789 0.04284 

 8.88 10-5% 0.412837 0.395484 0.34841 0.232478 0.088784 0.0714 

      17.7 10-5% 0.303687 0.288168 0.241661 0.172404 0.067707 0.0561 

 

                   840nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.605608 0.580065 0.506145 0.266074 0.118157 0.136904 
 2.22 10-5% 0.553404 0.535735 0.449213 0.29531 0.093417 0.08568 

 4.44 10-5% 0.510509 0.481711 0.370471 0.297262 0.145959 0.050438 

 6.66 10-5% 0.45732 0.43277 0.345099 0.270177 0.137789 0.04284 

 8.88 10-5% 0.41521 0.395407 0.305268 0.224399 0.096452 0.035378 

      17.7 10-5% 0.310026 0.293142 0.237999 0.169646 0.067707 0.04284 

 

                   860nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.587873 0.55578 0.450449 0.21655 0.15986 0.1428 
 2.22 10-5% 0.542991 0.513127 0.450449 0.287341 0.118157 0.122493 

 4.44 10-5% 0.500691 0.477607 0.415799 0.2512 0.107257 0.122493 

 6.66 10-5% 0.45732 0.43277 0.378155 0.263919 0.100337 0.0714 

 8.88 10-5% 0.409988 0.38732 0.346499 0.219911 0.096452 0.091984 

      17.7 10-5% 0.313133 0.295221 0.253926 0.169646 0.061466 0.062554 

 

                   880nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.579699 0.560999 0.475825 0.345575 0.137789 0.059275 
 2.22 10-5% 0.536369 0.498834 0.373579 0.304025 0.215463 0.088913 

 4.44 10-5% 0.498057 0.481711 0.413061 0.261799 0.104256 0.101811 

 



 

6.66 10-5% 0.463434 0.43277 0.354884 0.257611 0.118157 0.043633 

 8.88 10-5% 0.412334 0.384574 0.312407 0.228817 0.1258 0.04284 

      17.7 10-5% 0.316199 0.294524 0.242115 0.169646 0.073841 0.04284 

 

                  900nm 2.95 10.33 17.7 25.08 32.45 38.35 lp/mm 

0% 0.567484 0.546039 0.478068 0.328553 0.116102 0.092602 
 2.22 10-5% 0.523599 0.487938 0.401426 0.299199 0.151568 0.055116 

 4.44 10-5% 0.486199 0.465038 0.39856 0.270177 0.102443 0.068895 

 6.66 10-5% 0.452483 0.426961 0.361168 0.253455 0.094789 0.0646 

 8.88 10-5% 0.411855 0.388732 0.328226 0.223487 0.081248 0.054165 

      17.7 10-5% 0.315627 0.29791 0.242115 0.169646 0.066559 0.039935 

  

Tables of MTF measurements during field implementation 

Direct Square Wave analysis 

 

 

 

 

 

Slanted Edge analysis 

500nm 10.23 20.46 40.92 81.84 136.06 lp/mm

air 0.618799 0.548425 0.381479 0.107992 0.047259

harbor water0.102275 0.070497 0.036279 0.012376 0.011669

600nm 10.23 20.46 40.92 81.84 136.06 lp/mm

air 0.568737 0.509657 0.331141 0.074294 0.032277

harbor water0.10297 0.084077 0.041567 0.022576 0.025181

700nm 10.23 20.46 40.92 81.84 136.06 lp/mm

air 0.619146 0.546159 0.347572 0.137064 0.025611

harbor water0.146901 0.117868 0.059481 0.029361 0.021485

800nm 10.23 20.46 40.92 81.84 136.06 lp/mm

air 0.503531 0.392699 0.197685 0.078723 0.027083

harbor water0.187295 0.076006 0.128274 0.109171 0.13668



 

 

500nm "air" 600nm "air" 700nm "air" 800nm "air"

lp/mm    MTF lp/mm MTF lp/mm MTF lp/mm MTF

0 1 0 1 0 1 0 1

6.505 0.9418 9.197 0.9277 5.557 0.9528 5.334 0.9498

13.011 0.8388 18.395 0.7723 11.113 0.8524 10.668 0.825

19.516 0.7188 27.592 0.6119 16.67 0.7288 16.002 0.6957

26.022 0.6126 36.789 0.4694 22.226 0.6175 21.336 0.5774

32.527 0.5181 45.986 0.3579 27.783 0.5131 26.67 0.4713

39.033 0.4305 55.184 0.273 33.339 0.4252 32.005 0.3689

45.538 0.3661 64.381 0.2094 38.896 0.3454 37.339 0.2776

52.044 0.3035 73.578 0.157 44.452 0.2761 42.673 0.2097

58.549 0.2668 82.776 0.1215 50.009 0.2187 48.007 0.1465

65.055 0.2099 91.973 0.106 55.566 0.176 53.341 0.1115

71.56 0.1759 101.17 0.0914 61.122 0.137 58.675 0.0856

78.066 0.1416 110.367 0.0865 66.679 0.1089 64.009 0.0582

84.571 0.1286 119.565 0.082 72.235 0.092 69.343 0.0229

91.077 0.1088 128.762 0.0818 77.792 0.0792 74.677 0.025

97.582 0.0963 137.959 0.0799 83.348 0.071 80.011 0.0167

104.088 0.0846 147.157 0.0705 88.905 0.0644 85.346 0.0214

110.593 0.0793 156.354 0.0701 94.461 0.0664 90.68 0.0379

117.099 0.0772 165.551 0.0636 100.018 0.0675 96.014 0.0409

123.604 0.0715 174.748 0.0533 105.575 0.0655 101.348 0.0372

130.11 0.0809 183.946 0.0443 111.131 0.0601 106.682 0.0434

136.615 0.0702 193.143 0.0385 116.688 0.0633 112.016 0.0379

143.121 0.0774 202.34 0.0419 122.244 0.0514 117.35 0.0404

149.626 0.0686 211.538 0.0494 127.801 0.0338 122.684 0.0405

156.132 0.081 220.735 0.0666 133.357 0.0141 128.018 0.0463

162.637 0.0717 229.932 0.0802 138.914 0.0132 133.352 0.0438

169.143 0.0736 239.129 0.0846 144.47 0.0269 138.687 0.0243

175.648 0.0623 248.327 0.0808 150.027 0.0431 144.021 0.0255

182.154 0.062 257.524 0.0566 155.583 0.0624 149.355 0.0285

188.659 0.0671 266.721 0.0997 161.14 0.0644 154.689 0.0312

195.165 0.0617 166.697 0.0767 160.023 0.0264

201.67 0.0632 172.253 0.0852 165.357 0.0222

208.176 0.0433 177.81 0.0897 170.691 0.0187

214.681 0.044 183.366 0.09 176.025 0.0175

221.187 0.059 188.923 0.0802 181.359 0.0338

227.692 0.0972 194.479 0.0785 186.693 0.0374

234.198 0.0955 200.036 0.0809 192.028 0.0224

240.703 0.1133 205.592 0.0723 197.362 0.0288

247.209 0.1336 211.149 0.0703 202.696 0.0626

253.714 0.1169 216.706 0.0884 208.03 0.0468

260.22 0.1242 222.262 0.0969 213.364 0.0264

266.725 0.1396 227.819 0.0852 218.698 0.0549

233.375 0.0558 224.032 0.0927

238.932 0.0768 229.366 0.1104

244.488 0.0794 234.7 0.1129

250.045 0.0969 240.034 0.1077

255.601 0.1091 245.369 0.1332

261.158 0.1625 250.703 0.1523

266.715 0.1636 256.037 0.1147

261.371 0.4095

266.705 0.4042



 

 

500nm water 600nm water 700nm water 800nm water

lp/mm    MTF lp/mm MTF lp/mm MTF lp/mm MTF

0 1 0 1 0 1 0 1

4.764 0.8761 3.981 0.912 4.302 0.9277 5.032 0.858

9.527 0.678 7.962 0.8234 8.603 0.8171 10.065 0.697

14.291 0.5211 11.944 0.7049 12.905 0.6852 15.097 0.3704

19.054 0.3772 15.925 0.6039 17.207 0.5786 20.129 0.1949

23.818 0.2744 19.906 0.5255 21.509 0.4672 25.161 0.1167

28.581 0.1724 23.887 0.4215 25.81 0.3853 30.194 0.1181

33.345 0.1134 27.869 0.3547 30.112 0.2936 35.226 0.1596

38.109 0.096 31.85 0.2543 34.414 0.2221 40.258 0.1723

42.872 0.0829 35.831 0.2303 38.715 0.1382 45.291 0.0526

47.636 0.0656 39.812 0.1867 43.017 0.118 50.323 0.0618

52.399 0.0171 43.794 0.1608 47.319 0.108 55.355 0.0619

57.163 0.0044 47.775 0.1229 51.621 0.0746 60.388 0.034

61.926 0.0113 51.756 0.0907 55.922 0.0359 65.42 0.2266

66.69 0.0256 55.737 0.0722 60.224 0.0459 70.452 0.2909

71.454 0.0465 59.719 0.0385 64.526 0.0457 75.484 0.2831

76.217 0.0179 63.7 0.031 68.827 0.0336 80.517 0.168

80.981 0.0218 67.681 0.0256 73.129 0.0253 85.549 0.0727

85.744 0.0034 71.662 0.0272 77.431 0.0223 90.581 0.1787

90.508 0.0158 75.644 0.016 81.733 0.0322 95.614 0.1358

95.271 0.0259 79.625 0.0113 86.034 0.0358 100.646 0.0352

100.035 0.0255 83.606 0.0259 90.336 0.0382 105.678 0.115

104.799 0.0149 87.587 0.0152 94.638 0.0277 110.711 0.0552

109.562 0.0233 91.569 0.0178 98.939 0.0093 115.743 0.0464

114.326 0.0193 95.55 0.0145 103.241 0.0255 120.775 0.1959

119.089 0.0204 99.531 0.0066 107.543 0.0192 125.807 0.1924

123.853 0.0154 103.512 0.0156 111.845 0.0309 130.84 0.1064

128.616 0.0098 107.494 0.0173 116.146 0.0244 135.872 0.2393

133.38 0.0193 111.475 0.0043 120.448 0.0299 140.904 0.2195

138.143 0.0158 115.456 0.0075 124.75 0.029 145.937 0.2422

142.907 0.0078 119.437 0.0102 129.051 0.0379 150.969 0.3751

147.671 0.0284 123.419 0.0092 133.353 0.0705 156.001 0.3021

152.434 0.0443 127.4 0.0105 137.655 0.0523 161.033 0.1927

157.198 0.0147 131.381 0.0341 141.957 0.0619 166.066 0.1936

161.961 0.0095 135.362 0.044 146.258 0.0585 171.098 0.3793

166.725 0.0221 139.344 0.0408 150.56 0.083 176.13 0.3717

171.488 0.0253 143.325 0.0414 154.862 0.0735 181.163 0.5362

176.252 0.0667 147.306 0.0159 159.163 0.0964 186.195 0.378

181.016 0.097 151.287 0.024 163.465 0.0971 191.227 0.2453

185.779 0.1108 155.269 0.015 167.767 0.0921 196.26 0.585

190.543 0.0746 159.25 0.0097 172.069 0.0494 201.292 0.6167

195.306 0.0396 163.231 0.012 176.37 0.0493 206.324 0.9405

200.07 0.0917 167.212 0.0378 180.672 0.088 211.356 0.5414

204.833 0.0608 171.194 0.0134 184.974 0.0991 216.389 0.9137

209.597 0.1271 175.175 0.0122 189.275 0.0203 221.421 0.7666

214.361 0.0769 179.156 0.0414 193.577 0.0413 226.453 0.6786

219.124 0.0239 183.137 0.0743 197.879 0.0359 231.486 1.2078

223.888 0.0204 187.119 0.1118 202.181 0.0811 236.518 1.8993

228.651 0.0842 191.1 0.0916 206.482 0.08 241.55 1.0418

233.415 0.1065 195.081 0.0779 210.784 0.0797 246.583 1.0791

238.178 0.1293 199.062 0.0513 215.086 0.1763 251.615 2.24

242.942 0.0887 203.044 0.0182 219.387 0.2253 256.647 1.7057

247.706 0.0626 207.025 0.0795 223.689 0.1599 261.679 4.2321

252.469 0.2491 211.006 0.075 227.991 0.1763 266.712 5.0349

257.233 0.3839 214.987 0.0849 232.293 0.1156

261.996 0.5474 218.969 0.0399 236.594 0.0403

266.76 1.1024 222.95 0.0208 240.896 0.1557

226.931 0.1436 245.198 0.2258

230.912 0.1431 249.499 0.2154

234.894 0.075 253.801 0.2902

238.875 0.1156 258.103 0.7686

242.856 0.0922 262.405 1.5722

246.837 0.0603 266.706 2.1248

250.819 0.2537

254.8 0.4693

258.781 0.502

262.762 0.6026

266.743 1.2584


