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TEOPUSI IIOJBOJHOI BUAUMOCTH

HpGHCTaBHCH O630p pa60T 10 TCOpUUn HOI[BOHHOﬁ BUIUMOCTH. Hznoxena HUCTOpUA I/ICCJ'IG,HOBaHI/Iﬁ I10 DTOU HpO6J’IC-
MEC. YHI/IBepCaJ'II)HaSI TCOPUL HOI[BOHHOﬁ BUAMMOCTH Np€AHA3HAYCHA AJIA OTIPEACIICHUA XapaKTCPUCTUK I/1306pa)KeHI/IH
M MaKCHMaJIbHOU JAaJIbHOCTU BUJACHUA MPOTAKCHHOTO 00BEKTa C HCOAHOPOAHBIM KOB(i)(I)I/IL[I/IeHTOM OTPpAKCHUSA JIA
PA3JIMYHBIX NOABOAHBIX CUCTEM BUACHUSA, BKIIHOYaAs JIa3CpPHBIC. PaCCMOTpCHLI OCHOBHEIE DJIEMEHTEI 3TOU TCOPUU:
YpaBHCHUC MEpPCHOCA I/I306pa>KGHI/I$I, (I)yHKHI/ISI Pa3MbITHA ITyYKa U YaCTOTHO-KOHTPACTHAA XapaKTCPpUCTHKA, aJIro-
PUTMBI BBIYHUCIICHUA TTAapaMETPOB I/I306pa)KCHI/IiI 00BEKTa KOHEYHOTO pasMepa, MakCuMajibHasa JaJIbHOCTb BUAUMOCTHU
B BOJC. HapaMeTpLI IIOABOJHOI0 CBETOBOI'O ITOJIA, H€06XOHI/IMI>IG JUIA OTUX AJITOPUTMOB, MOJYYArOTCA B PE3yJibTa-
TC PCUICHHA ypaBHCHUSA MCPCHOCA U3ITYUCHHA C UCIIOJIBb30BAHUCM NEPBUYHBIX T'MAPOOINTUYCCKUX XAPAKTCPUCTHUK.
HpGHCTaBHCHa YHUBEPCaJIbHAasA MOACIIb NCPBUYHBIX THAPOONTHUCCKUX XAPAKTCPUCTUK UIA JJIMH BOJIH, OJNM3KUX K
550 HM, KOTOPAad NO3BOJIACT OMIPEACINTD BCC UCIIOJIb3YCMbIC B TCOPUHN HOI[BO)IHOﬁ BUAMMOCTHU NCPBUIHBIC THAPOOIT-
TUYCCKNUC XaPAKTCPUCTHUKHU MO 3HAYCHUIO ITOKA3aTCIIA ocaabaeHUs WIIN JaXe 110 I‘J'Iy6I/IH€ BUIUMOCTHU JHUCKa Cekku.
Onucan AJITOPUTM BBIYUCIICHUS OTHOLICHUA CI/IFHa.]'I/HIyM U MaKCHUMaJIbHOU JaJIbHOCTU BHJIMMOCTH B BOIEC, KOTO-
pLIﬁ MOKET OBITh MCIIOIb30BaH JJIs1 CPAaBHCHUSL 3(1)(1)6KTI/IBHOCTI/I CHUCTEM BUJCHHA PA3TINYHBIX THUIIOB. PaCCMOTpeHBI
OCHOBHBIC HAITPABJICHUS PA3BUTHUA I/ICCHGHOBaHI/Iﬁ HOHBOHHOﬁ BUIUMOCTH, B YaCTHOCTH, r[p06neMa Ha6J'IIOI[eHI/I${ qe-
PE€3 B3BOJIHOBAHHYIO TIOBEPXHOCTD.

KuioueBble ci10Ba: 110/1BOIHOE BUICHHE, yPaBHEHHE NIEpEHOCA H300paxeH s, DYHKIHS pa3MbITHS Iy4Ka, YaCTOTHO-
KOHTPAcTHasl XapaKTePUCTUKA, MOABOAHOE CBETOBOE IOJE, yPABHEHHE MEPEHOCA U3IIy4YCHUs,
MEpBUYHBIE THJPOONTHYECKUE XapaKTEPUCTUKH, OTHOLIEHHE CUTHAJI/IIYM, JJIBHOCTD
BUIMMOCTH B BOJI€, HAOJIIO/IeHNE Yepe3 B3BOJIHOBAHHYIO MOPCKYIO TOBEPXHOCTb.
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THEORY OF UNDERWATER IMAGING

The paper presents an overview of the underwater imaging problem. A history of this problem is given. A universal
underwater imaging theory is intended for computing image parameters and the maximal visibility distance of an
extended target with inhomogeneous reflectance for various, including laser, underwater imaging systems. We consider
the main elements of this theory: image transfer equation, beam spread function and modulation transfer function, the
algorithms for computing image parameters of a target of limited size and the maximal visibility distance in water.
Parameters of underwater light field, which are necessary for these algorithms, are given as a result of solution of
the radiative transfer equation in terms of the water inherent optical properties. We present also a universal model
of water inherent optical properties for wavelength close to 550 nm which makes it possible to determine all IOPs
required for the underwater imaging theory using only the water attenuation coefficient or even Secchi depth. An
algorithm for calculating the signal/noise ratio and the maximal sighting range in water are presented and used for
comparison of efficiency of the imaging systems of various types. The main directions of the current investigations
on the underwater imaging problem are considered, in particular, imaging through wavy sea surface.

Key words: underwater imaging, image transfer equation, beam spread function, modulation transfer function,
underwater light field, radiative transfer equation, water inherent optical properties, signal/noise ratio,
sighting range in water, imaging through wavy sea surface.
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Humans in all times endeavored to look into sea depth as far as possible. However, the average
sighting range in water is a thousand times shorter than in clear air. Submerged objects, and the sea bottom
in coastal waters usually may be seen at depths no greater than several tens of meters. The hydrological
optics as a science has its origin in the investigations of visibility of submerged objects. The underwater
imaging problem occupies a particular place in the modern ocean optics: on the one hand, it comprises the
theory of radiative transfer in water and, on the other hand, has the most distinct practical implementation.
Indeed, optical imaging systems are of considerable current use for study and investigations of the World
Ocean. They are applied to look for minerals and sunk objects at the sea floor, to map distributions of
vegetation and bottom sediments, to detect bottom pollution, and to monitor regions of marketable fish
spawning. Optical imagers can sense the effects of anthropogenic and natural processes including bottom
changes, beach destruction, suspended matter in rivers and current flows. In all these applications the most
important problem is an increase of the sighting range in water and improving the quality of underwater
target images. Indeed, the more the sighting range, the more (for the same viewing angle) the productivity
of the underwater survey (area observed increases with altitude squared), and the less expenditure of fuel
and other resources.

It has been just a hunger for increase of a sighting range in water which had led to rapid progress of
ocean optics in sixties-eighties due to financing the hydro-optical investigations by navy departments. At
that time, after producing lasers working in the blue-green spectral range where oceanic water is most
transparent, a lot of publications in USSR and USA promised tenfold and more increase of the sighting
range in water. Once the Soviet cosmonauts had communicated that they saw the ocean floor at the depth
of 6 km, some authors explained this effect by various fantastic causes, i. e. light focusing by sea surface
waves, and then the claims to increase of underwater visibility further grew. In general, the problem of
underwater imaging always was surrounded by various exotic inventions, false discoveries, spending
a great amount of money on the undoubted deadlock researches. Meanwhile, the practical problem of
improving underwater visibility may be apparently solved only on the basis of adequate imaging theory
applicable to any optical imaging system. Such system comprises a light source, natural (the Sun and the
sky) or artificial (in particular, a laser), and a receiver which consists of an objective lens and a photo-
detector (the film, the photodiode, the photomultiplier, or the TV-tube), and is intended for observation of
an arbitrary underwater object. The latter may be the sea floor and objects of any size and shape lying at
it, or an isolated target (e. g., a Secchi disk) placed in the water body. The imaging system itself may be
submerged — then we deal with a case of the purely underwater observation, or may be placed in air (at
the ship, aircraft or satellite) — then the observation is performed through wavy sea surface.

The main reasons of the loss of visibility and the degradation of the image quality which should be
taken into account in an imaging model are following:

1. Light scattering and absorption in water blurs imagery causing an information loss for the small
details of observed objects. Thus the useful informational signal formed by light reflected from the object
and reaching the receiver without scattering, is rapidly damped out with a distance between the target and
the receiver, while the detrimental signal formed by the forward-scattered light, increases and leads to the
image blurring.

2. Light backscattered by the water body and, in the case of observation from air, by sea surface
and atmosphere, causes a veiling haze, which does not virtually depend on the presence of the target and
shields the target, provoking a decrease of the image contrast. However, if to place the light source tightly
to the target, or if to observe the self-luminous (lighted from behind) object, or to use the short pulses for
illuminating the object, the veiling haze can be almost entirely eliminated.

3. Nevertheless, when the distance between the receiver and the target further increases, the self-
luminous object also becomes invisible; it disappears on the background of a blur formed by small angle
light scattering on the way from the target to the receiver. This image diffusion is quantitatively determined
by Modulation Transfer Function (MTF) — we will consider it below.

4. When observing the sea floor from air, owing to light refraction on the randomly — inhomogeneous
sea surface, the bottom image becomes randomly-inhomogeneous as well, while light reflected from the
surface brings additional noises into the image.
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The extent to which the image quality is affected by these factors depends on the observation conditions.
These conditions include the nature of the viewed objects or the bottom area, the water inherent optical
properties (IOPs), the state of the sea surface and atmosphere, the Sun position, and the imaging system
itself. An underwater imaging theory aims to find the relations between the parameters of an imaging
system, a viewed object (target), a light source, the seawater, the sea surface and the atmosphere. Overall,
this theory is to recommend the optimal parameters of the imaging systems so that the sighting range in
water and the image quality would be maximal.

Some history of the underwater imaging theory. For a long time the only means of underwater viewing
were the human eye and the photo-camera. With regard to such viewing, Duntley and Preisendorfer had
developed a visibility theory in a series of papers dated 1949—1957 which after that was included in a number
of well-known monographs and overviews on hydrological optics (see, €. g. [1-5]). This «classic» theory
of underwater visibility is intended to calculate the sighting range of a small uniform target against the
water background under daylight. Later, the progress in development of the more sophisticated observation
means and green lasers demanded a more universal imaging theory. The Universal Underwater Imaging
Theory (UUIT) which involves the general case of imaging an extensive object with arbitrary spatial
structure, includes the concepts of the Beam Spread Function (BSF) and MTF of water and deals with the
cases of both natural and artificial (including laser) illumination, was originally developed and published
in 1969 by Levin [6], and Bravo-Zhivotovsky, Dolin, Luchinin and Savel’ev [7]. These papers include also
the theoretical and experimental data on propagation of a narrow light beam in water, in particular, BSF,
needed for computing parameters of the image of an arbitrary object. In USA the similar theory was first
published in 1977 by Mertens and Replogle [8]. Later this theory was presented in a number of papers. The
most complete description of the universal theory of underwater imaging is presented in the monograph
of Dolin and Levin [9] and in the overviews of the same authors [10, 11]. Theory of imaging through
wavy sea surface is contained in the monograph of Dolin, Gilbert, Levin, and Luchinin [12]. Underwater
imaging theory was studied also by E. Zege, A. Ivanov and I. Katzev (Belarus), G. Gilbert, J. Jaffe (USA)
et al. Further we consider the main results of UUIT.

Classification of imaging systems. Let us consider the presently accepted classification of imaging
systems (fig. 1). We distinguish them by the width of the directional diagrams of the light source (SD) and
receiver (RD).

Note that the light source diagram SD = D (+) is dependence of the light source radiant intensity on the
angle with beam axis; the receiver diagram RD = D (¢) determines relative sensitivity of the photo-detector
to the radiance entering the receiver at different angles to its axis. The width of RD is determined by the
solid angle inside which the light flux, forming one image element, enters the receiver.

In the system /, a narrow light beam scans the target plane; the RD coincides with its viewing angle,
while a receiver contains one-element photo-detector (e. g., a photomultiplier).

D EED &

Fig. 1. Classification of imaging systems.
S'is the light source, R is the receiver, 7 is the target plane.
1 — 8D is narrow, RD is wide; 2 — SD is wide, RD is narrow; 3 — both SD and RD are narrow.

Se
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By the system 2 we mean a traditional TV- or photo-system with a multi-element photo-detector (an
image tube, a film, or a CCD matrix). The target plane is illuminated uniformly by daylight or by an artificial
light source with wide SD, the solid viewing angle of the receiver is N times greater than the solid angular
width of the narrow one-element RD, where N is the total number of image elements in the image frame.

The system 3 as well as the system /, includes the narrow beam (narrow SD) and one-element detector
(a photomultiplier), while its RD is narrow, as in the system 2. The image in this system is formed as a
result of synchronous scanning the target plane by both narrow diagrams, SD and RD.

Any one from the systems of three types may be continuous or pulsed. In the latter case the system
works in gating regime, that is, to eliminate the veiling haze, the «closed» sensor is unlocked in the moment
when the reflected from the target pulse comes to the sensor.

Image transfer equation. Point spread function and modulation transfer function. We define an
image as distribution of the total radiant power P which enters the receiver and forms an image element as

a function of the directions of the axes of the light source (7 ) and receiver (7 ), and the target reflectance
distribution R(7.):
P=P+P, (1)

_RY,AQ
T

B, ji,2) [[RGE. (.7, 2)E, (s, 2)d: )

where P is the signal due to light reflected from the target, P is the detrimental veiling light signal or haze

due to backscattered light in the water not associated with the target, P is the light source power, > is
the area of the objective entrance pupil, AQ)_ is the solid angle determining the width of RD, 7, and 7,

are the points of interaction of directions 7 and 7, with the target plane, z is the distance between the
receiver and the target plane; £ is the distribution of the irradiance on the bottom plane; the term £ is a
mathematical artifice representing the receiver directional diagram projected on the bottom. It is equivalent

to the irradiance at the point on the bottom 7 which would have come from an auxiliary light source of
unit power located at the receiver objective and having an angular radiant intensity distribution identical to
the directional diagram of the receiver (fig. 2). Equation (2) is derived using the reciprocity theorem for a
turbid medium. This theorem is valid for both optically homogeneous media and for media separated by a
common boundary. This equation is conventionally referred to as the image transfer equation.

The functions £ or £, as one can see from fig. 2, can be expressed as integrals over product of directional
diagram SD or RD by the functions e_or e which are the irradiance distributions in the target plane from
unidirectional light beam with unit power, placed into the point S or R and emitting in direction ¢):

E,, :ﬁ [[ p,@ni
S (Qii ,)>0

where AQ is the solid angle determining the width of SD, D () and D (*) are SD and RD respectively. The

equations (1)—~(3) are valid both for continuous and pulsed imaging systems. In the latter case by P, one

should mean the average power of the pulsed light source. However, the detrimental signal P for a pulsed

system differs greatly from P of a continuous system (see below).

The image transfer equation gives the entire information about image structure in an arbitrary imaging
system. However, in practice, it is more convenient to use parameters which directly define the image
quality. Such parameters are the point spread function (PSF) and MTF.

If the viewing angle is not very large, the isoplanatism hypothesis holds, that is, one can ignore

Ve, (Q,7)dQ 3)

s

the variation of the functions £ or (and) E, during scanning. Then we can replace the functions E
and E_ by the irradiance distributions £ and E, from the real and auxiliary light sources of unit

power. Accordingly, the functions e_and e, in eq. (3) can be replaced by the BSF which is an irradiance
distribution from unidirectional light beam of unit power in the plane, normal to the beam axis (fig. 3).
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Then we can rewrite eq. (2) in the form similar to the image of a traditional optical system, that is, in
the form of a convolution of the target reflectance, R and a function Q, i. e.

P(5,2) = B, [ RG)O(H — 7, 2)dF: (4)
where :
n, =222 (5 (.2E, G2, 5)
n 0
O(0) = - FuFLDE (2)

.”‘Eu(FL’Z)Eu(f’l,z)aIFl )

where AQ, is the solid angle of RD, 7, is a point of interaction of the axis of the narrow diagram (SD in
the system 1, RD in the system 2, SD and RD in the system 3) with the target plane, 7, is the radius-vector
of a point, counted from beam axis (see fig. 3).

If to look attentively at eqs. (3)—(5), it is seen that the function m_ is the coefficient of light power

transfer from a hypothetical infinite Lambertian plane of reflectance R(#)=1 placed at the position of the

I R(r)
“Target plane

R

Fig. 2. Schematic diagram of the arbitrary imaging system.

S R S

Fig. 3. Schematic diagram of functions E_, E_corresponding to isoplanatism hypothesis, and BSF.
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real target plane (e. g. sea bottom), Q(7 ,z) is the Point Spread Function (PSF) of the imaging system,
which defines the image of a point and implies the normalization conditions

[Jow,z)dr =1.

It defines the image structure for an underwater imaging system as does the PSF of traditional optical
systems. However, unlike the PSF of the traditional optical systems, Q(Fl,z) depends on other factors
affecting the image including the water medium.

In addition to the PSF, the MTF may be used to characterize the image of an underwater target.
According to convolution theorem, it follows from eq. (4) that

E(V.2)= Fn.RE)0(,2) (6)
where the tilde indicates a two-dimensional Fourier transform of the function. Equation (6) shows that the
imaging system in water acts as a linear filter of spatial frequencies V. The gain-frequency characteristic
of this filter O(V,z) is referred to as the MTF.

Let us consider the image, P(7,z) , of an infinite target with a sinusoidal distribution of reflectance

R(r)=<R>[1+C,cos(vr)], (7)
where <R>= 0.5(R +R,) and R, R,, and <R> are the maximum, minimum and average values of R. Then
Co=(R —-R,)/ (R +R,)

is the inherent contrast of R, and v =2n//, where / is the spatial period of the target’s sinusoidal reflectance.
If to substitute the distribution (7) in eq. (4), we obtain

P(7,2) =< P, > [1+C,cos(V73)]

C, =CMTF=(F, - F,)/ (B, +F,) 8)
that is, C, is the apparent contrast of the image (without haze); P, and P, are the maximum and minimum
of P(#,z),and <P>=<R> Fmn,.

Equation (8) shows that MTF of an imaging system is the ratio of apparent and inherent contrast
(in the absence of haze) as a function of the target spatial frequencies, v, v, . This function defines the
amplitude distortion of an image.

Thus, the sinusoidal structure (eq. (7)) is transferred in water without distortion with only amplitude
changes. The MTF is the ratio of the apparent and inherent contrasts, i. e. the contrast of the image and
the target, as a function of spatial frequency. Actually, the MTF carries no more information than the PSF,
but facilitates the direct calculation of the image contrast of an infinite Lambertian target with a sinusoidal
reflectance distribution.

Thus, the image of any underwater target can be calculated by using egs. (1) and (4), when the values
ofn_, P , and the PSF or its spectrum, the MTF, are known. All of these functions may be expressed using
parameters of underwater light fields from natural and artificial illumination.

Image parameters of a target of limited size. The MTF can be used for computing a contrast of an
infinite target. However, the most typical problem of the underwater imaging theory is distinguishing small
details on a target of limited size, generally treated as a disk with diameter d and periodic distribution of
reflectance (eq. (7)), placed on the some uniform background. In this case the total signal which is the
radiant power P forming an image element, includes the signals from the target and background, and the
detriment signal determined by light backscattering in water:

P(7)=P+P,+P,. 9)

It follows from eq. (4) that for this target the coefficients of light power transfer and the contrast
(without haze)

N =B /R =(R)nFs, (10)
n, =R, (1-Fy) (11)
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¢ - MTF-C, (12)

are expressed through a parameter [ Fs ’
F, =[0G, 2)dr,
T -
which is the integral of the PSF over the target surface. Obviously, by =1 for an infinitive target. For small

targets < 1, and it follows from eq. (12) that the smaller the object size )2 (and thus F ) the greater
the contrast of a target details. Misunderstanding this fact sometimes gave birth to publications about
discovery of false effects of anomalous sighting range in water [13]. Note that for the systems 1 and 2 the

parameter Fy coincides with a value of R(2)/P.(2) which is a ratio of the light power passing through

a round cross-section 2 at the distance z from a unidirectional light source to the light power passing
through the infinite cross section at the same distance.

Required parameters of light field in water. Considered results of the image transfer theory show
that for calculating the image properties one should know, besides the imaging system parameters Q_,, SD,
RD, P, ¥, anumber of parameters of the light field in water for narrow and wide, continuous and pulsed
light beams. There are the coefficient of light power transfer from a hypothetical infinite Lambertian plane
of unit reflectance n,,, PSF, MTF, and parameter F; for the systems /, 2 and 3. All numerated parameters
are functions of BSF which is an irradiance distribution from unidirectional light beam of unit power in
the plane, normal to the beam axis. Besides, in accordance with reciprocity theorem, the BSF coincides
with the angular radiance distribution from a point light source, consequently, for the systems / and 2 PSF
= BSF. Therefore, BSF may be considered as the main light field characteristic for underwater imaging
problem because it can be used for calculation of all other required light field parameters. Nevertheless, it
is convenient to have available simple equations or ready for use results of calculating the other light field
parameters. Besides, it is necessary to know the haze power P for continuous and pulsed light sources, as
well as some parameters of natural light field. The latter determine the useful image signal in the system
2 working under natural illumination, and the haze in the laser systems / and 3 working in the day-time.
They are the vertical attenuation coefficient and remote sensed reflectance (RSR).

All numerated light field parameters are functions of the water IOPs: absorption (a), scattering (b),
and backscattering (b,) coefficients and phase function () . They were computed by solving the radiative
transfer equation (RTE) for turbid media:

(Vl 2 ov 4 cjw,é, 0= [ L7 QL 0B0)dQ!
61‘ 47’[ 4n

where L is the radiance in the point 7 in the direction Q at time 7, V' is the light velocity, ¢ = a + b is the
attenuation coefficient, and 0 = (Q Q") is the scattering angle.

Accuracy of RTE solutions was corroborated by laboratory and field experiments and by Monte Carlo
simulations. Let us consider these solutions.

The BSF, n,, MTF, and parameter [y were computed in the small-angle approximation. The
coefficient of light power transfer from a target for the systems / and 2 (a superscript in parenthesizes
shows the system type):

2,
® =5 exp(-24;2). n?=n"/N,

where a, = a + 2b,, N is the number of elements in the image frame. The systems / and 2 are supposed to
be «reversibley, that is, their narrow and wide diagrams are the same:

SD = RD®, SD = RD, (13)
Integral of BSF over the target plane P, /P, = F{"? is expressed by equation

F{' (b2,40,) = (¢, )exp(=b2) [ (x + N1+ )7 J, (g0 x) el (19
0

Here 20 is the angular size (d/z) of the round target, J (...) the Bessel function, g is the parameter of the
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forward part of the water phase function expressed by the function B(0) = (1 - 2b,)2q07" exp(—q0) +2b, ,
where b, = b, / b is the backscattering probability. The paramrter ¢ describes the anisotropy of the phase
function and for various water turbidity ranges from 5 to 9. Accuracy of eq. (21) was confirmed by
measurements and Monte Carlo computations.

The functions F2(1,2) calculated by eq. (14) and numerically computed F\” for different bz n q0, are
given in fig. 4.

The BSF was numerically computing by differentiation of eq. (14). The MTF for the systems / and 2
is expressed by a simple equation:

MTF(y,z) = exp(-4bz) , A=1-(y"" ln[w*ﬂ/m }

where W* = 2ng¥, ¥ = z/(2]) is the angular spatial frequency, Z is the distance of observation, / is the
size of resolved element in the target plane. Numerically computed MTF of the system 3 is much greater
than MTF().

The light power of a haze for the systems / and 2 with a continuous light source, if the condition (13)
1s valid,

PV =B b,k exp(-a,k) +a,Ei(-a,k)],PY =P /N,

where k = lsr tan”' (0.59), Ei is exponential integral function, / is the distance between light source and
receiver in the imaging system («base»), a, = a +2b,, 23 is an angle defining the width of the diagram RD
in the system / (field angle), £i is the exponential integral.

For the pulsed systems:

Ppulse(l) — pOPulslebeAt
" 4nz*

where P/ is the initial power of the light pulse, ¥ is the light speed in water, Az is the initial pulse
duration, P”** is the pulsed power of backscattered light in the moment of receiving the pulse reflected
from a target. Here we again suppose that the condition (13) is valid.

For the imaging systems, working under natural illumination, egs. (9), (12) are valid, while instead of
egs. (10), (11) the light power from a target and background are expressed as:

AQY
F=——"E,(2)<R>Fexp(-az) , (15)

eXp(_zaZ) Ppulse(Z) — Ppulse(l)/N
k4 w w s

(1)
IgF; " 2 6 10 gF? 5 6 10 ©°

T - .|
T T T ]

| 3
Fig. 4. The values of parameters Fz(l’z) and FZO) as functions of angular size 20 = 20,

of the section X for typical for seawater value of ¢ = 7.
The numbers of curves are the optical distances bz.
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AQ Y
P = L E,(z) <R, >(1-F,)exp(—-az) ,
T
where E (z) is irradiance at the depth z of the viewed target.
Attenuation of underwater irradiance with depth is expressed as

E,(2)/ E;(0) = exp(-K,2) , (16)
where K (z) is the vertical attenuation coefficient which is slightly greater than absorption coefficient a, but
less than attenuation coefficient c.

The most simple and rather accurate expression for K, is the solution of RTE in quasi-single scattering
approximation (QSA) [9]:

K,=D,(a+b,). (17)

For direct solar irradiance the coefficient D, =1.04/cos0;, where 0 is the refraction angle
(sin®) =sin®,/n, O, is the solar zenith, n the water refractive index). For diffuse illumination from the
sky D, =1.16.

Monte Carlo simulation [9] showed that accuracy of QSA is rather high up to optical depth t = ¢z = 5-7,
while for greater t it decreases. Nevertheless, the simple QSA eq. (17) is widely used, especially for
calculation in subsurface sea layer.

The most accurate (but more cumbersome than QSA) solution of RTE for downwelling underwater
irradiance which is valid for any depth, was obtained in the self-similar approximation. It is given in the
monographs [9, 12] and in encyclopedias [10, 11].

The light power of haze for natural illumination is expressed as

P, =n"SAQE,(z,)p ,
where E (z) is irradiance at the depth z = z_of an imaging system, p=nL, (z,)/E,(z,) is the Remote
Sensing Reflectance (RSR), in Russian literature referred to as radiance coefficient, L is upwelling radiance

in the point of observation z . Monte Carlo computations showed that RSR can be calculated with rather
high accuracy in QSA:

p=A4.b,/(a+b,),

The coefficient Ap depends on the observation direction, solar zenith angle, and a fraction of the
molecular scattering in the backscattering coefficient b,. However [12], an average value of 4 = 0.275
with dispersion £5 % is valid for any illumination conditions. Another authors have found rather close
values of 4 : 0.298 [14], 0.295 [15].

The signal/noise ratio, sighting range and spatial resolution in water. The image transfer theory,
together with parameters of the light field of narrow and wide light beams make it possible to solve the
first part of the underwater imaging theory: computation of «regular» image parameters, determined by
light absorption and scattering in water. However, beside the regular component, an image always includes
noises. Just the noises determine the sighting range and spatial resolution in water.

For underwater imaging systems, sighting range is determined mainly by internal photon (shot) noise.
The value of signal/noise ratio (SNR) due to shot noise is

¥ =Cyn,=CJ0/e=Cn,PT /e, (18)
where C is the image contrast with regard to all components of the signal (due to the target, haze and
background); n, is the average number of electrons, O the average charge, and P the total average signal
power at an image element formed by light reflected from the target and background (sea bottom or water
body), and light backscattered in water; 1, is the spectral sensitivity of the detector photocathode; T the
duration of charge accumulation at the image element; e = 1.6 10" coulombs is the elementary charge.
SNR VY is a function of the distance z between the target and the imaging system and of the spatial frequency
v. To find the sighting range z__ (v) or the spatial resolution v __ (z) one should solve the equation ¥(z, v)
= W" with respect to z or v, where W is the threshold (usually equals 2—5) of SNR.
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The model of IOPs for wavelength about 550 nm.
To use the underwater imaging theory in practice it is
convenient to have a few-parameter optical model of
seawater IOPs. The image quality and the sighting range
in water depend on IOPs: absorption (a), scattering (b),
backscattering (b,) coefficients and the phase function
parameter g. However, the measured data on these IOPs
are poorly known. Most of all data is available on the
measured attenuation coefficient ¢ = a + b. The single
thoroughly studied water parameter is the Secchi depth
z . detailed maps exist of z, distributions for the World’s 0L : i ;
Ocean [16, 17]. We have found the relations between IOP 0o 05 1 15 2 25 3
which permits to calculate a, b, b,, and ¢ in the spectral Attenuation coefficient, m”
range 500-550 nm (as a rule, most of underwater imaging Fig. 5. Relations between the scattering coefficient
systems work in this spectral range) using the measured and the attenuation coefficient at 550 nm.
value of the attenuation coefficient ¢ = @ + b in the same 1he dots show the data sampled in the Baltic Sea at

555 nm, and the line represents eq. (19) obtained for

SpeCtral range. ocean waters at 550 nm.

On the basis of some 70 measurements in the Atlantic
and Pacific Oceans and in the Arabian Sea, Levin and
Kopelevich [18] founded that ¢ at wavelengths close to A = 550 nm the linear relation between b and c:

b =0.944c — 0.048 (19)

with the standard deviation 6, = 0.033 m™".

Measurements in the Baltic Sea [19] show that despite the different sea regions and the different
experimental procedure and instrumentation used, the relations between b and ¢ in Baltic and ocean
waters resemble each other very closely (fig. 5). Consequently, it can be concluded that the strong linear
dependency between b and c at wavelength close to 550 nm is rather universal. In particular, given in [18]
comparison of eq. (19) with data of b and ¢ measured by Morel and Prieur [20] and Schoonmaker et. al.
[21] in coastal and ocean waters shows rather good agreement between eq. (19) and these data.

On the basis of the established linear relation between ¢ and b, the relationships between the
attenuation coefficient ¢, the absorption a and backscattering coefficient b,, and phase function parameter
q at wavelength about 550 nm for Case 1 and Case 2 waters were obtained:

N
o oW
+

N

\

Scattering coefficient, m™!
[é)]
\‘

\

a=c—b=0.056c +0.048, (20)
b,=0.018c, Q1)

b, =0/0183¢ — 0.0094b, (22)
q=1[2/(0.021 +0.765b,/b)]". (23)

Equation (21) relates to the coastal water (Case 2), (22) to the ocean waters (Case 1); eqs. (20) and
(23) are valid for both water types.

Besides, we have developed a model which relates ¢ (550 nm) to the Secchi depth z, [22, 23]. This
model and eqs. (19)—(23) allow to find all necessary IOPs in the spectral range 500—550 nm by use of maps
of Secchi depth z,.

Comparison of efficiency of the imaging systems of various types. Underwater imaging theory
provides a way to compare the capabilities of various imaging systems. In so doing, one should take into
account the relationships between parameters of the systems /, 2 and 3:

MTFO(v) = MTF®(v), F"=F®, PO =NP®, (24)
MTF® >> MTF®, P& << PO,

The relations (24) follow from the optical reciprocity theorem and condition (13) of «reversibility» of

the systems / and 2. For the systems / and 2

0 = TN, 7%= T,
where T fis the frame duration, N the number of elements in the image frame.
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Note that all signal components are proportional to the area of the entrance pupil X, frame period
T, and the initial power of the light source P,. Then it follows from egs. (18), (24), and (12) that for the
systems with the similar light source (continuous or pulsed)

\P(l) _ zﬁl)rf(‘l)Po(l)

p@ E(f)Tmeo(z)
while for continuous and pulsed systems of the same type (/, 2 or 3) under condition that in the pulsed
systems the backscattered haze is completely gated out

pulse
R PR G (25)
v P+P

What can we conclude from these formulae?

If to compare the TV-system 2 with a laser scanner system /, we see that these systems ensure the
same SNR and thus the same sighting range of the target with the same spatial frequency of its elements if
these systems have the same regimes (continuous or pulsed), objective aperture, frame period and initial
light source power. In the TV-systems the aperture is limited by a size of a detector (an image tube), usually
not exceeded 40 mm, and the frame period 0.04 s. In the laser scanner system the aperture can be of any
size, for example, by use of an array of detectors like photo-diode or multiplier, while the frame period is
limited only by the speed of an underwater vehicle of the system and may be about 5-10 s. Thus, advantage
of the laser system / is due to possible greater aperture and frame period. The system 3 ensures greater
contrast, but lesser coefficient of light power transfer than system 7, therefore it may be more effective only
for the case of large power of the light source.

The pulsed system has advantage over the continuous system of the same type (as one can see from
eq. (25)) when a small object is placed in the water body, and P >> P, P, = 0. However, if we look at the
sea bottom (especially the light one), the signal from the bottom is comparable and sometimes even greater
than backscattered haze P , thus cutting the haze in the pulsed system do not ensure greater sighting range.
We computed the sighting range of the TV-system of type 2 and the laser scanner continuous and pulsed
systems of type I with parameters which values are currently achieved. The computations showed that the
laser continuous system / ensures the sighting range 1.5 times greater than the TV-system 2 due to greater
aperture (150 against 12 mm) and frame period (4 against 0.04 s), in spite of 5 times lesser power of the
light source. The pulsed system 7 ensures enlargement of the sighting range of the Secchi disk (up to twice
as compared with the continuous system /) due to gating of haze. However, the sighting range of both
compared systems becomes almost the same, if to look at the sea bottom.

The sighting range of the bottom fragments (the average bottom reflectance <R> = 0.1) by the pulsed
system / as a function of the angular spatial frequency  of these fragments is shown in fig. 6 for different
Secchi depths. The calculations were performed for the average bottom reflection <R> = (.1, the initial
average power of the light source P, = 1 W, the
aperture d = 0.1 m, the duration of image frame

2}
10 ——— e 28 T,= 4 s, the sensitivity of the photocathode
n,= 0.04 A/W, N = 600x600, and ¥ = 5. Fig. 7

¥ Zg illustrates the sighting range of the targets of

\ 20 diameter 0.5 and 5 m (size of an element is 0.1
x 15 and 1 m, <R>=0.1) against background of water
10

z,m

by pulsed system / with the same parameters as in

1 7 fig. 6, as a function of the attenuation coefficient
L) ¢ and Secchi depth z,,.

zg=5m One can see from fig. 6 that the maximal

\ . ot ., sighting range of the large-scale fragments equals

10" 10> w,rad” 100 m for Secchi depth z, = 50 m. The sighting

range stops to change when the angular spatial
frequency achieves 100 elements/radian. However,
if y > 1000 el/rad, the image will be fuzzy even

Fig. 6. Sighting range of bottom fragments
for pulsed system / as a function of the angular
spatial frequency for different Secchi depths z,.
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in very pure water at small distance due to  , 1,
turbulent fluctuations of the water refractive
index. As seems, y = 100 el/rad may be
considered as the maximal resolution in 60
water. Fig. 7 shows that maximal visibility g
distance of the target of 5 m diameter
ranges from 75 m in ocean waters (z,
= 50 m) to 20 m in coastal waters (z, = 30
6 m). The sighting range of the target with 5, |
0.5 m diameter ranges from 65 to 12 m

70

40

accordingly (if both targets have the same 107
number (5) of resolved elements. 0 ' : =
0 0.2 0.4 0.6 0.8 1¢,m

Up-to-date problems of imaging in 2020 12 B:2:l0

water. Let us consider the most up-to-date Fig. 7. Sighting range of a target of diameter 0.5 m (/)

problems of imaging in water and the main and 5 m (2), size of an element is 0.1 and 1 m, against

directions of current investigations. background of water by pulsed system / as a function
Improvement of the laser systems is of the attenuation coefficient ¢ and Secchi depth z,.

directed to enlargement of the laser power,

development of the new photo-detectors

and the image processing facilities, as well as to development of compact laser systems with a very short
pulse which can operate at night in very turbid water. Since the attenuation of irradiance in water with
depth is exponential, it is important to choose the wavelength of laser radiation equal to the wavelength
of minimal attenuation coefficient. Therefore, lasers with rebuilt frequency have big prospects. In general,
the underwater laser systems are indispensable for working at large depth, for observation of the fine target
fragments, for operating in turbid port waters.

Much attention is drawn to develop of lidars, which are the specific cases of the imaging systems.
Lidars work on ships, aircrafts, and satellites. They are applied for study of sea waves and oil pollutions,
for mapping the sea floor, for tomography of water, for detecting internal waves, for remote determination
of organic matters through their luminescence. In particular, the inverse problems of retrieval of water
IOPs from lidar signal were considered, and by use of measured in the Barents, White and Kara Seas
correlations between IOP and hydro-physical properties, possibility of observation of internal waves (IW)
and method of simulation of lidar images of IW were developed [24-26], and the process of passing the
lidar signal through wavy sea surface was analyzed [27]. These investigations are explored further.

The one of advancement of underwater imaging theory is its extension to the systems with arbitrary
field angle, since though the general equations of this theory are valid for any imaging system, the most
important for practical purpose case eqgs. (10)—(12) given above are true only for the systems / and 2
with wide field angle [28]. Besides, some authors proposed to use the modulated illuminating beam for
enhancement of visibility distance in water [29-31].

One further direction is the observation of the sea shelf from a satellite under natural illumination,
in particular, through thin clouds. Such observation is more effective for large-size objects or bottom
fragments. As discussed above, currently more attention is focused on the problem of anomalous visibility
of sea floor from space, communicated by cosmonauts. Of course, they cannot see the ocean floor at the
depth of 6 km; however, an effect of increasing the sighting range with increasing the observer’s height
over the sea surface exists. The main reason of this effect is following. MTF for fixed size of the target
element do not depend on height A, while MTF(v)—1 if the spatial frequency v—0. Therefore, illusory
increase of sighting range with / may be explained by the fact that with increase of H an observer begins
to see the large-scale bottom fragments which did not go into his viewing field from small H. The really
maximal sighting range of the sea floor from space may be determined from egs. (12), (15), (16) if to set
C,=1,MTF =1, P, =0, F, = 1, to add the radiance coefficients of pure atmosphere and sea surface to
the radiance coefficient (RSR) of pure water, to replace the contrast C by the contrast threshold of the
human eye C* =1 %, and to solve the obtained equation with respect to z for average reflectance <R>= 0.3
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(a relatively light bottom) and minimal absorption coefficient @ = 0.005 m™! (wavelength A = 470 nm). The
solutionis: z = 520 m.

Estimate of the prospect of imaging through clouds showed that it is possible to observe in shallow and
pure waters the large scale light patches at the bottom under natural illumination through the thin clouds
up to cloud optical thickness T = 10. The large-scale targets may be seen through more thick clouds (up to
T =20-30) as well, if to apply the pulsed imaging systems. Estimate of this possibility was made on the
basis of the developed theory of pulse propagation in three-layer medium (cloud-atmosphere-water) which
allows computing the energy, time delay and broading of a light pulse.

Currently much attention is given to the problem of applying the imaging systems for detection of the
oil pollutions of the sea surface and water body both in the form of large patches and of the oil leakages
from underwater pipeline wormholes, including the case of the water surface covered by ice [32-34].
These investigations are explored further.

Finally, currently the wide investigations are carried out on the problem of imaging through wavy
sea surface. Note that airborne observation of the sea shelf and of objects laying on the sea bottom or
submerged in the water is a much more efficient way to survey an area than are shipborne methods. For the
same viewing angle the bottom area at a depth z when viewed from an altitude H over the sea surface is
about (H/z)? times greater than when viewed from a point on the sea surface. Since the altitude A is usually
much greater than the bottom depth, and the speed of a survey airplane is much greater than that of a ship
or underwater vehicle, the gain in the survey productivity as well as savings in fuel and other resources
is considerable. However, a major disadvantage of airborne imaging is due to the negative influence of
surface waves on image quality. Surface waves introduce additional noise due to fluctuations of radiation
seen by an imaging system. Such fluctuations are produced by the action of surface waves on the upwelling
light reflected from the bottom, backscattered in the water body, and reflected from the surface. Besides,
the sea surface waves produce strong distortions in the image. Light reflected from a submerged object is
distorted by refraction through the random slopes of the rippled sea surface. The structure of these images
may differ significantly from the structure of the imaged object because of random light refraction. The
image may become broken and straight lines may convert into curves. The theory of imaging through
wavy sea surface is given in the monograph [12]. Currently the main attention is given to the problem of
correction of distorted by waves images. The first publications on this problem see, for example, in [35—
37]. Currently the theoretical and experimental investigations of methods of correcting distorted by waves
images with the aim of finding the methods, optimal for conditions of the real sea waves, are conducted
in the Institute of Applied Physics, (N. Novgorod) and in the P. P. Shirshov Institute of Oceanology, St.-
Petersburg Branch. One more new direction is determining the wind wave parameters necessary for the
theory of imaging through sea surface, by underwater imaging systems located at the sea bottom [38].

Further development of the underwater imaging theory will go on the way of creation of the essentially
new methods of underwater imaging: application of modulated and compound-modulated light beams for
target illuminations, development of the systems forming volume images and the systems of automatic
detection and identification of the underwater targets.
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