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Abstract

On a qualitative level, the possibilities of using optical stereo images of the sea surface, registered from under the water,
are considered in relation to the problem of remote diagnostics of waves. The task is implemented in a numerical experi-
ment using a stereo image model of the Snell’s window (underwater image of the sky) for a given relief of the sea surface.
The influence of the camera parameters, observation geometry, illumination and excitement on the quality of constructing
disparity maps, necessary to restore the distances to the sighted elements of the sea surface, is analyzed. Recommendations
on the methodology of a full-scale experiment in order to test the proposed method are formulated.
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KAYECTBEHHBIE OIITEHKHA BO3MO2XKHOCTHU BOCCTAHOBJIEHUA ITPODPNJIA
BOJHEHHMA 110 MOJAEJBHBIM CTEPEOU30BPAXKEHUAM KPYT'A CHEJIVINYCA

Cratbst moctynuna B penakuuto 02.09.2021, mocne nopadotku 15.12.2021, nmpunsTa B nevats 10.01.2022

AHHOTAIMA

Ha xayecTBEHHOM ypOBHE PacCMOTPEHBI BO3MOXHOCTU MCITOJIb30BAHUSI ONTUYECKUX CTEPEOM300paxkKeHUii Mop-
CKOI TTIOBEPXHOCTH, 3apETUCTPUPOBAHHBIX U3-TI0/ BOILI, IPUMEHMUTEIIHLHO K 3a1a4ye JUCTAaHIIMOHHON IMarHOCTUKY BOJI-
HeHMsI. 3aJaya peaiu30BaHa B UMCIIEHHOM 3KCIIEPUMEHTE C UCITOIb30BaHUEM MOJIEIHN CTepeon300pakeHust Kpyra CHe-
Jmyca (TToIBOTHOTO M300pakeHUs HeOoCcBoma) IS 3aJaHHOTrO pejibeda MOpcKoil mmoBepxHocTH. [IpoaHanu3upoBaHo
BJIMSIHUE TTapaMeTpoB (hOoTOKaMepbl, TeOMETPUU HAOIIONCHMSI, OCBEIICHUSI U BOJIHEHMSI Ha KAUeCTBO IMMOCTPOCHUS KapT
IHUCITAPAHTHOCTU (CMEIIEeHMsI), HEOOXOMUMBIX [IJISI BOCCTAHOBJICHUS NAJIbHOCTEI 10 BU3UPYEMBIX 3JIEMEHTOB MOPCKOI
noepxHocTu. ChopMyIMpoOBaHbl PpEKOMEHAALMK 10 METOAMKE TTPOBEACHUSI HATYPHOTO SKCIIEPUMEHTA C LIEJIbIO arpo-
0alLMu MPeaIoKeHHOTO METOA.

KuroueBbie cioBa: TMCTaHIIMOHHOE 30HIMPOBAaHKE, MOABOIHOE BUICHNE, CTEPEOBUICHE, TUCTIAPAHTHOCTD, N300paxe-
HUE MOPCKOI MOBepXHOCTH, Kpyr CHe/uinyca, BETPOBOE BOJTHEHUE, YKIOHBI TOBEPXHOCTH

1. Introduction

Registration and processing of sea surface images are among the most effective tools for reconstructing wave
characteristics in a wide range of surface wave lengths [1—3]. Among the existing methods, specifically inter-
esting is the stereophotogrammetrical method, based on the synchronous registration of a rough water surface
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Fig. 1. Examples of the small-scale wave manifestation near the boundary of the Snell’s window

section using two (or more) cameras and subsequent processing of stereo images employing known algorithms
for retrieving the distance to surface elements through the disparity value [4—7]. Disparity (parallax) is the
difference in the coordinates of the stereo pair pixels corresponding to the same object. Literature reports
successful determination of long-wave components of wind waves with wavelengths up to tens of centime-
ters by this method. In this case, to resolve the corresponding waves, the image must contain markers of
smaller scales, such as gravitational-capillary and capillary waves. There are no finer-scale natural markers
on the water surface (breakings waves are not reliable). On the contrary, unfavorable lighting conditions or
improperly chosen observation parameters make distinguishing capillary waves challenging. However, the
small-scale waves with wavelengths of the order of millimeters may appear as high-contrast objects when
observed from underwater at angles equal or close to internal reflection. Figure 1 shows examples of a wind
ripple (left) and a raindrop falling in the water (right) at the outer borderof the Snell’s window (an under-
water image of the sky) [8].

In the absence of waves, the circle is outlined by a set of rays that fall on the sea surface tangentially
and experience refraction at an angle B, = arcsin(1/m) = 48,75° following Snell’s law (here, m = 1,33 is
the refractive index of water). The observed radiance of the image inside the circle depends on the water
optical properties and the depth of the receiver. Approaching the circle boundary, the Fresnel reflection
coefficient R, tends to unity, and the radiance of the refracted light, proportional to 1 — Ry, tends to zero.
For this reason, the image of Snell’s window looks like a light spot on a dark background. Waves change
the local slope of the surface, leading to drastic variations in the Fresnel reflectance near the borderof the
Snell’s window. The mentioned algorithms for restoring wave parameters (slope variance and spectra) by
statistic processing of a Snell’s window image series were described in [9, 10]. Though the algorithms’ effi-
ciency and accuracy have not been established yet for natural conditions, there are two apparent features.
The first feature is associated with the use of models, and hence approximations, when creating the men-
tioned algorithms (for example, neglecting surface elevations when calculating the underwater light field
and the shading effect, etc.). The second feature is the need to process an array of high-resolution images
(to distinguish small-scale waves), which is a resource-intensive process. The stereo imagery is devoid of
these features and is therefore successfully used in a wide range of applications, including sea surface ob-
servations. For this reason, it is of particular interest to study the applicability of this method for viewing
the sea surface from under the water. In this formulation, the problem is solved for the first time. There-
fore, due to the lack of natural images, a preliminary assessment of the method capabilities is achieved
by analyzing model images of the Snell’s window obtained using a new augmented model of the Snell’s
window and pre-determined waves, neglecting the effects of light scattering in water. The paper presents a
model of Snell’s window stereo image; examples of calculating stereo images and disparity maps depending
on the observation geometry, a set of camera parameters, waves, and lighting; and recommendations for
the practical implementation of the method.
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2. Methods and approaches
2. 1. Assumptions

Realistic and, at the same time, mathematically accurate underwater images modeling is arduous and
complicated, which, with all due diligence, can only be solved under a series of assumptions. The effect of the
assumptions varies with the application between absolutely fundamental and insignificant. Determination of
both by using preliminary works on underwater vision, together with stereo vision features in machine vision,
appears a reasonable optimizing step from which it is necessary to start building the model of the Snell’s
window stereo image.

We assume that stereo images of the sea surface are formed by simultaneously recording the angular radi-
ance distribution of the downwelling light using two identical synchronized ideal cameras with known char-
acteristics. Ideal cameras suggest: no intrinsic noises; lens distortion is negligibly small; internal and external
calibration of the stereo system, including image rectification, are not required (see, for example, [7]). The
listed simplifications make it possible to skip several steps, mandatory in the processing of real stereo images,
and proceed directly to calculating disparity maps necessary for the determination of a distance to the sighted
elements of the sea surface.

At the moment, there is a variety of methods for calculating disparity, which differ in accuracy, speed,
and principle of operation (see, for example, their comparative analysis in [11]). Finding the best method
is crucial in machine vision applications where continuous real-time estimation of distances to objects is
required. The purpose of this study is different, namely, to evaluate the general possibilities of using stereo
images of the Snell’s window to retrieve wave parameters. For this reason, we limited ourselves to using one
widely accepted search method, namely Semi-Global Matching (SGM) [12], which provides a compro-
mise between the quality of the results and the computation time. The main factors hindering the qualita-
tive reconstruction of disparity maps include extended monotonous regions and abrupt changes in radiance
(discontinuities). Both are present in sufficient numbers outside the Snell’s window at low illumination, for
example, in the evening (Fig. 1, ) or the central part of the window at a low sky radiance gradient and slight
variations in the Fresnel reflectance (Fig. 1, a). Given the above, the optimal surface area occurs near the
borderof Snell’s window, combining a noticeable gradient in the sky radiance and sufficient illumination be-
low the sea surface outside the window. An example of such a region is the region inside the rectangle marked
with a dotted line in Fig. 1, a.

Inside the studied region, medium-sized patches are identified distinctly by a seemingly quasi-uniform ra-
diance. However, upon a closer view, a unique small-scale notch formed by capillary disturbance is detected.
Exactly due to the presence of this notch, the considered methods of correspondence determination lead to
successful resolution of the longer-wavelength part of the waves in the sea surface relief, namely, the gravita-
tional-capillary part. In its turn, the latter is a marker for resolving the even longer wavelength component, and
soon. [7].

Apparently, the quality of the image reproduction in a numerical experiment, as shown in the selected
fragment in Fig. 1, a and accounting the above-mentioned features, depends on the detailing the simulated sea
surface. Traditionally, a superposition of cosine waves with a deterministic amplitude identified from the wave
spectrum and a random phase is used. The shorter the waves are involved, the more resource-intensive the cal-
culation becomes. At the same time, traditional questions the simulation results such as insufficient “sharpness”
of waves remain with. At the same time, the need to study stereo images depending on a whole set of parameters
leads to a necessity to simulate a large number of high-resolution scenes, which excluded this approach to wave
modeling. The alternative was as follows.

2.2. Model of the sea surface roughness

We define the general surface topography by a single cosine wave — a swell wave with parameters (ampli-
tude and wavelength) that are tunable in the course of experiments and propagating along the optical receivers’
coordinate axis.

The image of a raindrop falling into the water in Fig. 1, b prompted the idea of objects of various scales
falling into the water, generating divergent cylindrical waves of various intensity, length, and steepness. For this
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Fig. 2. An example of a texture for creating small-scale irregularities on the sea surface
(left) and its close-up view (right)

reason, the field of medium-scale inhomogeneities can be recreated by a set of cylindrical waves randomly scat-
tered over a given coordinate grid and not changing their position from experiment to experiment. The length
of the propagation region of each wave is set by the exponential law of damping.

We create the smallest-scale inhomogeneities by digitizing and scaling a small-scale texture as weak dis-
continuance in radiance, as shown in Fig. 2. Traditionally such textures are used in rendering systems to make
modeled objects realistic. The obtained result is similar to the simulation of two-dimensional white noise, the
intensity of which should be much less than the amplitude of medium-scale surface waves. The admissibility
of the proposed approach is determined by the fact that, as noted above, in the stereo observation of the sea
surface, the smallest-scale waves are a necessary element for reconstructing the longer-wavelength part. Conse-
quently, when recalculating the reconstructed relief into a spectrum of elevations, the latter will be determined
in the spectral interval that does not contain the shortest part of the wave, which simplifies the requirements for
its modeling.

2.3. Snell’s window model taking into account the upwelling light

Consider the instantaneous profile of a random rough water realization illuminated by unpolarized light:
from above — by the light of the sky, from below — by the light upwelling from the water column (Fig. 3). The

i

angular distribution of the radiance of the sky and the water column is determined by the functions Ll.i (ni ) and
L,T (n?) respectively, where n,.i and n,-T are the horizontal components of the unit vectors of the incident light

on the sea surface from above and below, (# and Q[.T, respectively. The relief of the surface is characterized by
the function of elevations z = {(r,) and the vector of slopes 1 = N (r,), which is the horizontal component of
the unit normal (N) of the surface § at the point rs = r, + {(rj)e, and is related to the function of its elevations
by the relation n = n,x, + n,x, = —AC (e, is the unit vector of the axis z, r is the radius vector of the projection
of the point ry on the plane z = 0). The optical properties of water are set by the refractive index m and attenu-
ation coefficient c. We neglect the dependence of the water optical properties on the wavelength of light, tem-
perature, and water salinity.

We consider that the image of the surface is formed using an optical receiver located at a pointr, at a depth
Z, and registering the angular radiance distribution of the light coming from the surface L(n). The radiance is
calculated in a universal form through the radiance of light at the interface “air-water” and the Green’s function
[14], using its simplest model, which completely ignores the contribution of light scattered by water. In this ap-
proximation, we do not estimate the upwelling light as a superposition of multiple scattering of the downwelling
light. On the contrary, we assume it is deterministic and not subject to scattering. In particular, assuming the
depth to be infinite (there is no bottom effect), we consider that the angular distribution of the upwelling radi-
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ance is isotropic (see the equations below). This approach
allows us to create an underwater light source necessary
for illuminating the sea surface from below, significantly
simplifying mathematical calculations and speeding up
numerical calculations.

Further, applying the effective bordercondition for the
radiance on the plane z = 0, which is often used in prob-
lems of optics of a rough water surface, ignoring the influ-
ence of surface elevations on the structure of the light field
below the surface, and, leaving aside mathematical calcu-
lations, we arrive at the following set of formulas for the
angular distribution of the Snell’s window radiance L(n) as
a function of the horizontal component n of the unit vec-

tor U, characterizing the direction of light propagation in
water (Fig. 4):

L(n)= Ly, (0)+ Ly, (n), (1)

upwelling lite

where
— _ 1,2 _ / 2
Lsky (n) - Lsky |Z:0 ( nZ /N1-n", n) exp{ ¢Z /N1-n } ) Fig. 3. A graphical diagram explaining the formation of the
Snell's window image by the light of the sky and the light of

— the radiance of the sky light refracted by the water the water column reflected by the sea surface into the lower
surface, hemisphere

Ly, |Z:0 (rp,m)=m’ (1 ~ R} (on,-i (ro,n)))L,-i (n,¢ (ro,n)) (3)

— the radiance of the refracted light at the interface z = 0 at the point r, =-nZ /~1—- n?,

et 1| [T = | el e | @

! 2 \/l—oc,-¢2+\/m2—ot;L2 \/l—oc[i2+m_2\/m2—oc[¢2

— Fresnel reflectance for unpolarized light,

oc[¢ (ro,n)=sin8,-i =m\/1—(\/1—nz\/l—n(ro)2 —n'r'|(r0))2 Q)

— the local angle sine of incidence expressed in terms of the local slope n(r,) and the direction of the re-

fracted light n,
1+ 21—} (x,,n)’
£ (o () - 202 00 ©

3

— angular distribution of radiance over the sky under continuous cloudiness ( Lfo is the radiance of the sky

at the zenith),

2

2
1+m112 n+ 1—n2n+n\/1;? —(n+ 1—n211) (7)

n’ (ro,m) =

— horizontal component of the unit vector of light incident from above on the sea surface Kﬁ .

A similar set of formulas takes place for the second term (1), which determines the contribution to the radi-
ance of the Snell’s window from the surface reflected upwelling light from the water column:
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Lyaer ()= Lyatr |10 (—nZ/m ,n)exp{—cZ/m } @®)

where

Lyatr |50 (r0-m) = RE (1] (rgom)) L (0] (rgom)) ©)

radiance of upwelling light reflected at the interface z = 0 at the point ry =-nZ /+1- n?,

m\/l oc \/1 m2 T2 ’ \/1 ocTz m\/l m’a T2 ’

(M1
R — (10)
( l) 2 m\/l a +\/m \/1 aT2+m\/1 m*o. M
— Fresnel reflectance for unpolarized light,
2
o (rp,n)=sin 9] = \/1 —(\/1 —n?J1=n(x,)? —nn(ro)) (11)
— sine of the local angle of incidence,
LT( (rp,m )):L,TO (12)
— isotropic angular distribution of the radiance of the water column,
0 1 2 2 >\’
n; (rO,n):1 S n+V1-n"n+m,[l+n —(n+ 1-n n) (13)
+n

horizontal component of the unit vector of light incident from above on the sea surface Q ,T .

In practice, instead of a variable n in the equation (1) and further, it is more convenient to use cylindrical
coordinates (9, ¢, z) and Cartesian coordinates (x, y, z), related as:

nx:—x/\/x2+y2+zz, ny:—y/\/x2+y2+z2, (14)
§ = arcsin(n), ¢ = tg(n,/n,). (15)

The given set of equations describes the angular radiance distribution of the light descending from the sur-
face, the sources of which are the sky light and the light of the water column, backscattered by the surface into
the lower hemisphere.

2.4. Snell’s window stereo image model

In this paper, we consider one of the possible schemes for underwater observation. For simplicity, its sche-
matic representation is given on the example of a plane xz (Fig. 5). We consider that two cameras are located on
a plane xz at the same depth Z, at a distance (base) b from each other in the direction of the axis x, which coin-
cides with the direction of wave propagation. The cameras are oriented at an angle 3 to the vertical axis and have
a field of view determined by the angle 2a.. The focal length of the cameras is equal to £, the size of the matrix is
m, x m,,, the resolution of the matrix is p, x p, , the crop factor is s. The length of the observed area by the first
camera A, B, , and by the second is A4,B,. The length of the section covered by both cameras is denoted by 4, B;.
Consider an arbitrary point D, whose position on the first matrix is characterized by a pair of coordinates
(uy, vy), on the second it is (#,, v,). The connection between the direction to the sighted element of the sea sur-
face and its coordinates (in pixels) on the image follows from the geometry in Fig. 4.

u, =i—z(%—ftan(8[ —B)J, (16)
_py(my tan (¢, )
vi—my[ 7 +f—cos(9i_B)J. (17)
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The calculations performed by equations (1)—(17)
form the basis for calculating the stereo image of Snell’s
window. The difference between the coordinates of the
same image element determines the sought disparity 4.

2.5. Modeling

The modeling process of Snell’s window stereo im-
ages was carried out step by step. Initially, the internal
parameters of the camera were determined using the
example of a typical Nikon D5100 SLR camera with a
Nikkor 18—55 mm Iens due to its regular use in our full-
scale measurements: 2o = 60°, /= 25 mm, m, x m, =
=23.6 x 15.8 mm, p, x p, = 2144 x 1424 pixels, s = 1.5.
Next, the water parameters (attenuation coefficient
and refractive index) and the external parameters of the
camera (the immersion depth Z, m and the angle of in-
clination p relative to the vertical (see the values in Ta-
ble 1)) were set. The latter was most often determined
by the value B = B, — 10°, which made it possible to

Fig. 4. Geometry of the sea surface observation by an
underwater stereo system

mY
“a uz\
/\ B B,

obtain in the frame a surface area of approximately the same length relative to the border of the Snell’s window.
The third step was to calculate the boundaries of the sighted area in Cartesian coordinates and set a uniform grid
with a resolution of p, x p,,. The topography of the sea surface was calculated on a given coordinate grid. The po-
sitions of cylindrical waves were always fixed, but the swell parameters changed from experiment to experiment
between two sets of values, providing not only a different wave scale but also their steepness (see Table 1). Next,
the topography was transformed to the slope field n(r), which was used to plot the angular distributions of the
apparent radiance of the surface, “registered” by each camera, using the equation (1). The last step was Snell’s
window stereo images’ calculation using formulas (16) and (17).

Table 1
The main parameters and its values
Internal camera settings
Field of view 30°; 60°
Focal length 50 mm; 25 mm
Matrix size 23.6 X 15.8 mm
Resolution 2144 x 1424
Crop factor 1.5
External parameters of the stereo system
Location depth 2m;S5m
Stereo base 0.05m;0.2m; 0.5m
Camera tilt from vertical 38.75°; 58.75°
Wave parameters
Swell wave Amplitude, m Length, m Incline, °
0.06 1 20
0.006 0.3 8
Cylindrical waves Amplitude, m Length, m Incline, °
No. | 0.031 0.314 19
No. 2 0.019 0.128 27
No. 3 0.075 0.251 45
No. 4 0.013 0.251 10
No. 5 0.036 0.180 18
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Fin table 1
No. 6 0.006 0.063 17
No. 7 0.013 0.063 33
No. 8 0.017 0.042 53
No. 9 0.013 0.126 18
No. 10 0.013 0.063 33
No. 11 0.189 0.628 44
No. 12 0.025 0.084 46
No. 13 0.075 0.251 43
No. 14 0.126 0.251 57
No. 15 0.126 0.628 33
Optical properties of water
Refractive index 1.33 1/m
Attenuation coefficient 0.33 1/m
Parameters of the disparity search method
Method Semi-Global Matching (SGM)
Range of disparity variations 128
Search box 5 pixels

As an example, Fig. 5 shows the result of calculating images with and without accounting for texture (small-
scale waves).

3. Results and discussion

3.1. Angular distributions of apparent surface radiance

We should begin by presenting the results of calculation examples of apparent surface radiance using equa-
tion (1) at the depths of 2 m (Fig. 6) and 5 m (Fig. 7), considering various swell parameters. The solid arc marks
the borderof the undisturbed Snell’s window. The zenith and azimuth angles are plotted along the axes.

The relatively small size of the presented figures does not reflect fine details in the image structure but is
sufficient to illustrate the radiance differences of the most extensive elements and the change in the shape of me-
dium-sized light and dark spots (compared with dotted lines-arrows)up to their almost complete disappearance
(compared with solid lines-arrows). Similar image pairs were used to construct disparity maps and evaluate their
quality depending on parameter variations.

3.2. Disparity map and its variability with stereo base variations

Let us consider the results of calculating disparity maps using the example of two types of waves (the pa-
rameters are shown in Figs. 7 and 8) with three values of the stereo base — 0.05 m, 0.2 m, 0.5 m and two depth
values of 2 m (Fig. 7) and 5 m (Fig. 8). The disparity scale is given in pixels. It is apparent that at a shallower
depth and a small stereo base, about a third of the map area has no discontinuities, and divergent cylindrical
waves can be traced in the structure.

As the base increases, the quality of the map drops, creating multiple gaps. The situation partly improves
at greater depth. Here, with a small stereo base, the structure of the swell and the largest cylindrical waves are
traced clearly, although the disparity variations are not substantial. As the base elongates, the number of gaps in
the map increases, and information about cylindrical waves gets lost, but disparity variations associated with the
swell increase. In practice, using special map post-filtering algorithms that eliminate discontinuities, the swell
wave profile can be reconstructed in sufficient detail. With a further increase in the stereo base, the number of
discontinuities grows correspondingly, while the correct disparity variations are observed at large distances,
which retains the possibility of restoring the swell parameters from a remote image area. To obtain correct dis-
parity values at short ranges, a repeat matching procedure for large disparity variations (256 or 512) is necessary,
which may require a significant increase in the calculation time.
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Fig. 5. An example of the simulated sea surface relief with small-scale irregularities (above) and
without them (below)

3.2.1. Disparity map and its variability with variations in focal length (view angle)

According to the theory of stereo vision, the disparity grows linearly in proportion to the product of the ste-
reo base and the focal length [15]. In this regard, and based on the obtained information on influence of the ste-
reo base value, it seems interesting to evaluate the focal length variations effect. Consider a twofold increase in
the focal length, accompanied by a narrowing of the field of view to 30° versus 60°. The dotted rectangles in the
previously presented images of Snell’s window (Fig. 7 and 8) demonstrate the shrinkage of the observed surface
area. Detailed images of these areas are presented in the upper rows in Figs. 9 and 10. Comparison of disparity
maps with the Figs. 7 and 8 allow us to conclude that the disparity variations have indeed doubled. The observed
increase is most useful in terms of increasing the detail of the reconstructed sea surface relief when it is observed
from a greater depth and with a small stereo base. With an average stereo base value, the disparity values at small
viewing angles, i.e. at short range (within the border of the Snell’s window), retreat as limitations. At the same
time, both the shortest swell and cylindrical waves become distinguishable at large distances (figure on the right
for the case b = 0.2 m). In the case of a longer stereo base, the disparity map is highly noisy and discontinuous
and therefore is unlikely to be useful in solving the inverse problem.

3.2.2. Disparity map depending on the small-scale wave component

Let us consider the influence of the small-scale wave component, not traditionally modeled as white noise,
on the quality of calculation of disparity maps using the example of two swell variants, two depths, and two ste-
reo base values (Figs. 11 and 12). It is apparent that at a greater depth and a small stereo base, the structure of
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Qualitative estimation of modeled Snell’s window stereoimagery for wind wave profile retrieval

A=1m,A4=0.06m A=0.3m,A4=0.006 m

128

128

Fig. 7. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 2 m,
a field of view of 60°, three values of the stereo base (values are shown in the figure) and two swell options
(parameters are shown in the figure). The disparity scale is presented in pixels

=1m,4A=0.06m g A=0.3m,4=0.006 m

128

128

Fig. 8. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 5 m,
a field of view of 60°, three values of the stereo base (values are shown in the figure) and two swell options
(parameters are shown in the figure). The disparity scale is presented in pixels
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A=1m,4=0.06m A=0.3m,4=0.006 m

Fig. 9. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 5 m,
a field of view of 30°, three values of the stereo base (values are shown in the figure) and two swell options
(parameters are shown in the figure). The disparity scale is presented in pixels

A=1m,A4=0.06m A=0.3m,A4=0.006m

Fig. 10. The result of calculating the Snell’s window images (top row) and disparity maps for a depth of 2 m, a field
of view of 30°, three values of the stereo base (values are shown in the figure) and two swell options (parameters are
shown in the figure). The disparity scale is presented in pixels
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=1m,A=0.06 m

Fig. 11. The result of calculating the Snell’s window images (row 1) and disparity maps,

taking into account small-scale waves (rows 2 and 4) and without it (rows 3 and 5) for a

depth of 5 m, two values of the stereo base (the values are shown in the figure) and two
variants of swell (parameters are shown in the figure)

the map constructed without taking into account small-scale waves contains more noise, and the information
about cylindrical waves is missing (Fig. 11, rows 2 and 3). At shallower depths, the situation is reversed (Fig. 12,
rows 2 and 3). With a longer stereo base, in both cases, the best quality of disparity maps is observed when small-
scale waves are neglected. Recoverable maps contain fewer gaps and do not require additional post-filtering. At
the same time, it is interesting to note the manifestation of low-intensity cylindrical waves at short ranges in the
structure of disparity maps for greater depth and bigger base (Fig. 11, row 5).

The demonstrated example indicates that, perhaps, the approach used with the representation of small-
scale disturbances by white noise is not optimal due to insufficient spatial connectivity of neighboring elements
of the “generated” wave. The answer to this question is planned in the next study, where, despite the time costs,
we attempt to simulate waves over the widest possible spectral interval using traditional algorithms for modeling
wind waves.

4. Conclusion

At the qualitative level, the paper studies the general possibility of Snell’s window application for sea surface
remote sensing. The problem is studied for the first time. Therefore, due to the lack of real images, the possi-
bility of numerical calculation was used based on the proposed model of the stereo image of Snell’s window.
The mentioned possibility was evaluated by the quality of constructed disparity maps depending on the wave
conditions, lighting, and camera and observation parameters also. The values of all parameters were chosen, as
close as possible, to the real conditions and the photo cameras. Therefore, the calculation results are appropri-
ate as preliminary auxiliary information for the efficient registration of Snell’s window in real sea conditions. At
the same time, the cameras were considered ideal, which made it possible to avoid the calibration of the stereo
system and the rectification of images, which are necessary when working with real images.

The obtained results indicate that the method is applicable for recording the gravitational-capillary com-
ponent of the waves from depths at which the influence of scattering and absorption of light in the water can be
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A=1m,4=0.06 m A=0.3m,A=0.006 m

Fig. 12. The result of calculating the Snell’s window images (row 1) and disparity maps, taking

into account small-scale waves (rows 2 and 4) and without it (rows 3 and 5) for a depth of 2 m, two

values of the stereo base (the values are shown in the figure) and two variants of swell (parameters
are shown in the figure)

neglected. In this case, the image recording should be carried out in such a way that the radiance of the lower
side of the sea surface outside the Snell’s window border(when viewing at angles wider than the total internal
reflection angle) is significant.

It is important to note that, in our opinion, due to the fact that the problem considered for numerical calculation
is quite idealized, the issue of restoring the distances to surface elements through the presented disparity map should
be solved using real images and take into account all the actions necessary for this, recommended by the theory of
stereo vision. For this reason, this step was not considered in the present study but is planned in the future.
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