OYHIAMEHTAJIBHAA v [IPUKJIAJTHAA THJIPOPU3ZUKA, 2018. T. 11, Ne 3

YK 551.463.5

©P. I’ I'apoawios
Wucruryt ['eorpaduu, Hatmonansuas Axanemust Hayk Azep6Oaiimxana, r. baky
rauf gardashov@yahoo.co.uk

O METOJE 3EPKAJIBHBIX TOYEK

Crarps noctynuna B pegaknuio 11.04.2018, mocne nopabdorku 13.07.2018.

Jast pacuéra XapaKTEepUCTHK CBETa, OTPAKEHHOTO OT B3BOJIHOBAaHHON MOPCKON MOBEPXHOCTH, IIPUMEHSIFOTCSI 1BA MOJI-
xoza. I1epBblif ecTh Tak Ha3bIBaEMbII «METO/ CTOXaCTHYECKUX PacIpeeEHHBIX TUIONIA10K», KOTOPBIHA TO3BOJISIET pac-
CUUTHIBATh TOJIEKO CPEHHE XapaKTEPHCTHKH OTPAXEHHOTO cBeTa. BTopoil — Tak Ha3piBaeMblid «MeTox 3epKajIbHBIX
TOYEK», KOTOPBIN JJISI CPETHUX XapaKTEPUCTUK AAET TOT XKe CaMbli Pe3yJbTar, 4YTO U METO/l CTOXaCTHUECKHUX paclpe/ie-
JTEHHBIX TUIOMIAIOK, OTHAKO METOJ 3€PKaIBbHBIX TOUEK MOXKET OBITh MPUMEHEH JUIsl pacuéra (IyKTyaluil XapakTepHUCTHK
orpax€HHOTO cBera. Kpome TOoro, MeTos 3epKajbHBIX TOYEK MMEET AEJI0 TAKUMH BU3YaJbHO BOCIPHHUMAEMBIMH I'€0-
METPHUYECKHMHU TT1apaMeTpaMn MOPCKOI IMOBEPXHOCTH, KAKMMH SIBISIFOTCSI PACIIONIOKEHNE W YHCIIO 3€PKAJIBHBIX TOYEK,
KPHBH3HBI B 36pPKAIBHBIX TOUKaX, KOTOPbIE IPOIOPIMOHAIBHBI pa3MepaM OIMKOB. DTH MapaMeTpbl MOTYT OBITh OTIpe/e-
JICHBI U3 CHUMKH OJMKOB M MOTYT CIIY)KUTb JJIsI OIIPEACIICHHs COCTOSIHUS BOJHEHHS ITIOCPEJICTBOM PEIICHHUS MPSIMON 1
oOparHoH 3a1auu, KoTopas c(hopMyIMpOBaHa B BHJIE HHTErpaJIbHOTO ypaBHeHHs Ppenronbsma 1-ro poxa. M3 aTux mapa-
METPOB MOKET OBITh ONPEAEIEH TaK)Ke MTHOBEHHBIH penbe() MOPCKOM ITOBEPXHOCTH, YTO OTKPHIBAET ITYTh K IIOCTAHOBKE
1 PELICHHUIO HOBBIX 3371a4. KOppEeKTHOCTD MOIY4YEeHHBIX TEOPETUIECKNX BBIPAKCHNUIH IPOBEPSETCS YMCICHHBIM MOJCIIH-
pOBaHHEM.

KaioueBble ciioBa: cojiHeuHble OJIMKH, 3€pKalbHbIe TOYKH, IOJIHAs KPHBU3HA, MOPCKasi IIOBEPXHOCTb, OOpaTHbIE
3a1a4u.
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For calculation of the characteristics of light, reflected from a wavy sea surface two approach is commonly used. The
first, so called “Method of statistically distributed facets”, that allows only calculating the average values of reflected
light characteristics. The second: “Method of specular points” that gives the same result for average of characteristics,
but it enables to calculate the fluctuations of theirs. Moreover, the method specular points deals with a visually sensing
parameters of surface such as number, location and curvatures of specular points. These parameters that can be derived
from glint images allow determining sea surface wave state by solving of direct and inverse problem. Besides, from
this parameters can be determined an instantaneous relief of the sea surface, that opens opportunity for formulation and
solution new problems.

Key words: Sun glints, specular points, total curvature, sea surface, inverse problem.

Introduction. For calculation of the statistical characteristics of light, reflected from a wavy sea surface
z = {(x, y) two approach is commonly used. The first, so called “Method of statistically distributed facets”
(MSDF), that allows only calculating the average values of reflected light characteristics [1]. Let as, sea
surface is illuminated by parallel light beams incident in the direction of unite vector s, and observation of the
surface is made in the direction of unite vector s (fig. 1). Then MSDF states that the angular distribution of the
reflection coefficient <r> is governed by the distribution W (y,, v,) of surface slopes Y= (yx,y ) )= Ve (x, y)
and is determined by expression:
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Fig. 1. Geometry of reflection and observation of parallel light beams.

Puc. 1. leomerpust oTpaskeHUs 1 HAOMIOACHHUS MapaUIEIHHOTO ITyYKa CBETOBBIX JIy4deH.

(r) =:|z—m[qij W, (1., )- (1)
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Here, g =5 —5,,9.=s,—5,, g =|q|; V(x) — Fresnel reflection coefficient at the local angle of incidence

% determining by directions 5, and §. Note, that (1) is correct if the directions of §, and § close to
vertical and the surface slopes [y |, |yy| are small. In general case the right side of (1) must be multiplied by
O(s,, § ) — shadowing function which indicates the portion of surface that simultaneously illuminated and
observed [2].

The second approach is “Method of specular points” (MSP) that determines the radiance of surface as a
sum of intensities from every specular points (SP) inside of considered part of surface. According to MSP a
random realization of reflection coefficient r of surface is determined by formulae:

r=r(5,5)= Z|Q| 5 @Z 2)

T L i=1
where, K = (X) depends on s, § and Fresnel reﬂectlon coefficient V(y) = V(s,, 5 ) at the local angle

Q.

I . BH

of incidence y; S, — the area of projection of observed part of surface S; X, = W — “dimensionless
radius of curvature” — the quantity which is reciprocal to the total curvature Q at the SP, M. = (x, v, {(x, ) ,
with gradient y = (yx,y ’ ):

0= (0,2 (52)C, ()G (xo) 8= (1472 +1,) )

The parameter H is defined as, 3H = <(D> , where the averaging is produced on all points of the surface
z={(x, y) [2]. The SP, are defined from the roots of the system of equations:

C.!x(x’y)=YX
¢, (x)=v,
_ Sy T Sox _ Sy 7Sy | g q
e et by P e



O MeTo/1e 3epKaJILHBIX TOYEK

Note that the formula (2) was obtained on the assumption that the principal radii of curvature r, and
r, at the specular point are much smaller than the distance from the specular point to the point source and
point receiver. Moreover, it is impossible to get a flat surface as a limit from the formula (2). To make such a
transition it is necessary to use the general reflective formulas [2], where the source and the receiver must be
taken on the finite distance and further to approach »,—o0 or 7, —o0 and ,—c0. Then as a result we will get, that
the divergence of a falling beam does not change in reflection from a flat surface.

In the sum (2) the random variables are the radii of curvatures X, X, X,,..., X Ny which are changed from
the realization to realization of the surface, and the number of SP, N, that fall into the observed section of
surface S. Note, that the expression (2) sums up the intensities of the light waves, which come from the different
SP, therefore it is correct either for the incoherent light or when the wavelength of the light A is considerably

Ve )

less than the root-mean-square height o =
Averaging the (2) we obtain:

() =540 g =00 gy

where <N . > = S— is the density of SP (average number of SP per unit area), <ﬁ> is the average of m
- i
Using the results from [3, 4] in [5] it is proved that:

(&) men - {gy) ¥

The equality (3) is pure geometric-statistical relationship.

Equality (3) indicates that the MSDF and MSP give the same result for average radiance of surface. While
MSDF allows calculation only of average radiance, MSP can be used to calculate the fluctuation of radiance.
Consequently, in approach of MSP the study of statistical characteristics of the reflected light is reduced to the
statistical analysis of geometrical characteristics of the surface, such as, the number of SP, N, and the “radii of
curvature” p, = 1/|Q| at the SP. An advantage of the MSP is that it deals with intuitively sensed characteristics
of the surface — the SP.

of the surface roughness, i.e., when A << c.

Distribution density of the total curvature at the SP. For the uniform Gaussian surface
z = {(x, y) the distribution density of the total curvature Q at SP, with the gradients y_= ((x, y) =
v,= Cy(x, y)=0was obtained by Longuet—Higgins [4]. In this work the distribution density W(w) of the curvature

o=0Q o (X, y)y W (x, y)— yiy (x, y) at the SP with zero slopes was expressed by contour integral.

‘vx=0 -
¥,=0

Comparatively simple expression for the density W(w) in the form of integral representation, including the error
function and which is convenient for the practical calculations, was derived by Gardashov [6]. Correctness of

the expression of W(w) was tested by numerical modelling [7] and processing photographs of Sun glints [8].

Being written for the dimensionless curvature, ® = 0)/ 3H , it takes the form:

gy L ) ey ee(En (@)
W_(w)_d)(t) Ji(t-1) w)eXp(mt ! )I Jm(o)

for o <0,

_ 2 —rr1)" 2 exp (@m (o) @
M(w):qj(z)(\/ﬁ (—oa)exp((o\/t —t+ )xJ. Fi/(i )[ ~-F 1/m(oc))}alot

for @ <O0.

)= (t+1)\/ —t+1

1-2¢
-7

(1 ksin OL)

Here, F (t) = %I exp (—1:2 )ir is error function and m (oc
T

Function ®(¢) is expressed by elliptical integrals
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n/2 n/2
K(k) I —doc and E(k) I V1=Fk*sinada, as

V1 -k sin
®()=1-£E(k)- \/7tK(k)

Actually, @(7) is a very slowly monotonically decreasing function at the interval [0, 1/2] with the maximum

1
and minimum values ®(0) = 1 and [Ej =" 0.907, respectively [4]. The parameter ¢ is determined

243
through the moments of the energy spectrum of surface (waves) and may vary at the interval [0, 1/2]. The value
t= 0 corresponds to the case, when waves are formed by two systems of waves, which are intersected at a small
angle. The value ¢ = 1/2 can be realized in different circumstances; for example, when waves is isotropic, or
when angular energy distribution in the wave spectrum has a sharp peak.

Note that the asymptotic expression of W (c_o) and its expansion around ® = 0 were derived in [7] and [8].

Since the distribution W(c_o) is already found, the distribution of the dimensionless curvature

— Q ) 1
() = ——=— andthe X = —; atSP,withthegradients y = _(x,y), v, =C, (x,y) canbe determined
N3H g Q| ( ) y y ( )

simply from the relationships:

"o (@)=l (g9).

WX<X>=%{W(—%J+W+(%H-

Then, for the average value of X we have:
gVt —t+1

Xw, (X =2
I () = 20 (1)
Atg=1fort=0,t=1/4,and t=1/2, correspondlngly, we find:

J13 3

(x)=—= ~1.57, (X) = —2—— =2 21,5277 and (X)= ——2~15.
20(0) 2 ZCD(D 4 2@(;)2

The second moment <X 2> , consequently, the dispersion Gi( = <X 2> - <X >2 = 400,
As it follows from the results of the work [4], the SP density is determined by the formula:

() -2 1.1,

The graph of the distribution density W (co) is represented in fig. 2.

Distribution density of the reflected light radiance. Distribution density W (r) of the radiance r of
the surface, can be determined through the characteristic function B(z) of the random variable X and the
distribution density W,(N,) of the number of the SP, N, that fall into the observed section of surface. For the
characteristic function we have:

+00

B(u)= j W, (X )dX .
0
Then, if radii of curvature at the SP, X, X, X,,..., X Ny and N, are independent among themselves, the

distribution density of the sum N
S

Z=Y X, (6)
i=1

can be expressed through the module |[3 (u)|: B’ (u)+ B3 (u) and the argument
¢ (u)=argP (u)= Arctan == . ()

By (u)

of the characteristic function 3 (u) =B, (u)+ iB, (u) according to the
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W (@)
0.30 —
0.20 —
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0.00 1
-8.00 -4.00 0.00 4.00 8.00

Dimensionless total curvature @

Fig. 2. The distribution density W (c_o) of dimensionless total curvature @ at the specular points
of the Gaussian uniform surface, calculated by the formula (4).

Puic. 2. TlnotHocts pacnpenenenns W (@) Ge3pasmepHoii MONHOM KPHBU3HBI ® B 3PKATBHBIX TOYKAX
rayCCOBOM OJTHOPOJHOM MOBEPXHOCTH, BEIYUCICHHOI 10 hopmyrie (4).

formula:
+00

W, (Z)= [ G(Z Ny W, (Ny)aNj, ()

where, 0

G(Z,N):%ﬂ[?)(u)rv cos (N (1)~ uZ )du. ®

In particular case, when the number of SP does not change from realizations to realization and is equal to
the number, Ni.e., W,(N,) = 6(N,— N), from (7) we obtain:

W,2) = G(Z,N),
which specifies a mean of function G(Z, N), as the distribution of Z when the number of SP, N, in the sum (6)
is fixed and equal to N. In addition, if Ny= N = 1 then Z= X and G(X, 1) = W (X).

The curve of the distribution function W (X) calculated by the formula (5) at # = 1/4 and obtained from
numerical modelling and processing Sun glint photo (fig. 4) are given in fig. 3.

As we see from fig. 3, there is good closeness between theoretical and experimental distributions. We
think that the main causes of deviations are: 1) the difference between the actual waved water surface and
Gaussian surface; 2) the distinction of the Sun from a point light source. Indeed, in closely inspecting the
fig. 3, we see that some large glints are formed through confluence of small glints. It tells us, that if we produce
experiment with light source which has a solid angle essentially smaller than the Sun, then some large glints
will be resolved. Thereat, the number of lager glints will decrease and the number of small glints will increase.
As the result, the histogram in fig. 3 (dashed curve) will come closer to theoretical curve. Note that the camera
that was used here has a high spatial-temporal resolution therefore the size of the resolution spot is much
smaller than the size of the sunglint.

The behavior of the characteristic function B(u) is shown in fig. 5.

The curves of the function G(Z, N) for the values of variable N=1, 2, 3 at t = 1/4 are given in fig. 6.

Formulation and solution of the invers problem. Relationship (7) can be considered as an integral
equation for determining the unknown distribution density, W, (N,), of the SP on the given density W (Z). As it

1
was noted in [9], if the average <—> (or the average of number of SP, <N s >) is determined in any manner,

2
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W)

0.80 —

0.00 2.00 4.00 6.00
Dimensionless ,,radii of curvature” X

Fig. 3. Theoretical distribution density W (X) (solid curve), calculated on (5) and its curves, obtained by the
numerical modelling (dashed curve) and by processing the images of the Sun glitters (dotted curve).

Puc. 3. Teopetnueckas ninotHocTk pacupenenenus W, (X) (cnrownas), BeravciaeHHo 1o (5),
1 €€ KpUBBIX, ITOJYYEHHBIX B pe3yJIbTaTe YHCISHHOTO MOICIMPOBaHUs (ITyHKTUpHAS)
U B pe3ysbTare 00paboTKN M300paXKeHUH COIHEYHBIX OJIMKOB (moyeunas).

Fig. 4. Sun glints images on the waved basin water surface.

Puc. 4. 300pakeHne COMHEYHBIX OIMKOB Ha B3BOJTHOBAHHOM ITOBEPXHOCTH OacceifHa.
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-0.40 T T T T T T T |
0.00 2.00 4.00 6.00 8.00
Dimensionless quantity, u

Fig. 5. Real B, (1) and imaginary B,(u) parts and module |B(x)| of characteristic function B(u).

Puc. 5. Peanbnas f (1), muumas ,(u) yactu u monyib |B(u)| xapaxrepuctuueckoit Gynkuun B(u).

G(Z N)
0.80 —

0.00 2.00 4.00 6.00 8.00
The variable, Z

Fig. 6. The function G(Z, N) for values N=1,2,3 at t = 1/4.
Puc. 6. ®yukuus G(Z, N) ais 3aadennii N = 1,2,3 B Touke ¢ = 1/4.

S ~N3H
i.e., is apriori known, then the distribution W (Z) of the quantity Z = —— 7 can be obtained simply
according to the formula: K

K

K
W, (Z)=W
() r{sﬂTH]sﬁ/ﬁ
since, in this case K is a known quantity.

Thus, the equation (7) formulates the inverse problem in the form of Fredholm integral equation of the
Ist kind for determining the distribution density W, (N,) of the number of the SP, N, on the known distribution
density W (r), of the brightness of reflected light 7.

In reality, equation (7) has an algebraic structure. The selection of integral form (7) is connected with
the following circumstance: although the number of the SP, N is an integer, however, formally the kernel of
equation (7), as can be seen from (8), is determined for all the real N. This fact allows us to take the number of
sampling for N a different one from the number of SP and equal to the number of sampling on Z (respectively,
on r) in inversion of equation (7).

It is well known, that the equation (7) forms an ///-Posed Problems problem and is solved by the special
methods of regularization [10].
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Note, that in practical application of the stated above method for determining the distribution density,

1
o
priori unknown. However, this difficulty can be overcome by using the fact that for the different A, the curves
G(Z, N) noticeably differ in the form, i.e., on the asymmetry and the excess. For the determination <N s >, for
example, it is possible to use the following criterion: <N S> can be defined as the value N = <N s > , for which
the measured and theoretically calculated densities W (r) differ minimally.

As it follows from (2) and (8)

W(N,), from the measured density, W (r), the difficulty appears if both averages: and <N S> are a

K K
r=———=/,(r)=—==(2),(Z£)=(X)(Ny).
i ? ) 5 (2) =)

Consequently, we obtain the following relationship between the dimensionless brightness ¥ = I and
the quantity Z: <V >

1
-7,
(X)(Ns)
where, for the certainty in the first approximation, it is possible to take the intermediate value of <X > =1.5277.

Some results of solution of direct and invers problem on the procedure developed in [11, 12] are presented
in fig. 7—10.

Thus, checking the inverse method both by numerical and in-situ experiments shows its fitness for work.

Moreover, due to use of fractional values of the number of SP the accuracy of the method can be markedly
improved.

7 =

w. (7))

0.60 —
0.40 — /]

0.20 —|!

0.00 ' T T T T ]
0.00 1.00 2.00 3.00

Dimensionless brightness 7

Fig. 7. Distribution density . (7) of dimensionless brightness; solid curve — theoretical,
dashed curve is obtained on the numerical experiments.

Puc. 7. IInotHOCTE pacmpenencHus . (7) 0e3pa3MepHO SIPKOCTH; CIIJIONTHAS KPUBAsI —TEeOPETUUIECKas,
ITyHKTUPHAS KPUBas MOIydeHa B PE3yJIbTaTe YHUCICHHBIX YKCIIEPUMEHTOB.

skeskeosk

The statistical characteristics of SP of sea surface are very sensitive to changes in the reflecting surface
z = {(x, y) and they can change in wide range, depending on the geometrical and physical characteristics of
surface, namely, from degree and structure of the waves, presence of flow, internal waves and oil films on
the surface. Therefore, the method for determining the statistical characteristics of the SP, presented above,
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My (Ns)

0.04 —

0.02 —

0.00 - | - : - :

0 10 20 30
The number of shecular point Ng

Fig. 8. Distribution density W,(N), of the number of SP, N; curve [ is obtained by the numerical experiment;
curve 2 (dashed) is retrieved by the solution of the inverse problem using fractional values of N;
curve 3 is retrieved by the solution of the inverse problem using only integer values of N,

Puc. 8. Ilnotnocts pacnpenenenus W, (N,) uncia 3epKaibHbIX TOUEK, N, KpuBas / MOJTy4eHa B PE3YJIBTATE YUCTECHHBIX
SKCHEPUMEHTOB; KpuBas 2 (nynKmupnas) Noly4eHa peneHneM oopaTHoH npoOieMbl HCHOJIb3Ys IPOOHBIE 3HAYEHHA N ;
KpuBas 3 HojlyueHa pelieHreM 00paTHOM 3a1a4H ¢ MCHIOJIb30BAHUEM TOJBKO LEJIbIX 3HAYEHUH N,

Fig. 9. Samples of the images of the Sun glitters on the waved basin,
obtained by digital camera with the high time-spatial resolution.

Puc. 9. ITpumepbl n300paskeHMIA COTHEYHBIX OJIMKOB HA B3BOJHOBAHHOMN MOBEPXHOCTH,
MOJIYYCHHBIX YUCIIOBBIM (DOTOAIIAPATOM C BHICOKHUM MPOCTPAHCTBCHHO-BPEMECHHBIM Pa3pPCIICHUCM.

can be used for the remote sensing of the geometrical and physical characteristics of sea surface. For this it is
necessary to investigate the interrelation between the geometrical and physical characteristics of surface and
the statistical characteristics of SP — Sun glitters. As a result of these experimentally and theoretically studies
the data base of the statistical characteristics of the Sun glitters can be created and used for determining sea
surface wave state by solving of direct and invers problem. Moreover, from this parameters can be determined
an instantaneous relief of the sea surface [13]. Consequently, new approach appears for solution of the series
of problem, for example, the retrieving of instantaneous images of underwater objects, destroyed by waves;
establishment of the laser connection between airborne vehicle and submarines and revealing of “dangerous
harmonic” (tsunami).
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Fig. 10. Distribution density W, (N,), of the number of SP, N; solid curve is obtained by processing
the images of the Sun glitters; the dashed curve is retrieved by solving the inverse problem.

Puc. 10. ITnotrocTh pacnipenenenust W, (N,) 4ncna 3epKaabHBIX TOYEK, N, CIIIONIHAS KPHBAs MOTyIeHa
00paboTKOH M300pakeHUH COTHEYHBIX OJMKOB; IMyHKTUPHAS KPHBAs MOTyYCHA pEIIeHHeM 00paTHON 3a1a4u.
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