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Digital terrain modeling with orthogonal polynomials �

I. V. Florinsky and A. N. Pankratov
iflor@mail.ru, pan@impb.ru

Institute of Mathematical Problems of Biology, Russian Academy of Sciences,
1 Vitkevicha st., Pushchino, Moscow Region, Russia

Background : Mathematical problems of digital terrain analysis include interpolation of dig-
ital elevation models (DEMs), DEM generalization and denoising, as well as computation of
morphometric variables by calculation of partial derivati ves of elevation. Traditionally, these
procedures are based on numerical treatments of DEMs, two-dimensional (2D) discrete func-
tions of elevation.
Methods : We developed a spectral analytical method and algorithm based on high-order
orthogonal expansions using the Chebyshev polynomials of the �rst kind with the subsequent
Fej�er summation. The method and algorithm are intended for analytical treatment of regularly
spaced DEMs, such as DEM global approximation, generalization, and denoising as well as
computation of morphometric variables by analytical calculation of partial derivatives.
Results : To test the method and algorithm, a DEM of the Northern Andes containing 230,880
points (the elevation matrix 480� 481) has been used. The DEMs were reconstructed with 480,
240, 120, 60, and 30 expansion coe�cients. The �rst and the second partial derivatives of
elevation were analytically calculated from the reconstructed DEMs. The models of 14 local
morphometric variables were then computed with the derivatives. A set of maps of elevation and
horizontal curvature (kh) related to di�erent number of expansion coe�cients well ill ustrates
data generalization e�ects, denoising, and removal of artifacts contained in the original DEM.
Concluding Remarks : The test results demonstrated a good performance of the developed
method and algorithm. They can be utilized as a universal tool for analytical treatment in dig-
ital terrain modeling.
Keywords : Chebyshev polynomials; Fej�er summation; generalization; denoising; partial
derivatives
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Öèôðîâîå ìîäåëèðîâàíèå ðåëüåôà ñ èñïîëüçîâàíèåì
îðòîãîíàëüíûõ ïîëèíîìîâ �

È. Â. Ôëîðèíñêèé, À. Í. Ïàíêðàòîâ
Èíñòèòóò ìàòåìàòè÷åñêèõ ïðîáëåì áèîëîãèè ÐÀÍ

Ìàòåìàòè÷åñêèå àñïåêòû öèôðîâîãî ìîäåëèðîâàíèÿ ðåëüåôà â êëþ÷àþò èíòåðïîëÿ-
öèþ öèôðîâûõ ìîäåëåé âûñîò (ÖÌÂ), ãåíåðàëèçàöèþ è ïîäàâëåíè å øóìà â ÖÌÂ, à òàê-
æå ðàñ÷åò ìîðôîìåòðè÷åñêèõ õàðàêòåðèñòèê íà îñíîâå âû÷èñë åíèÿ ÷àñòíûõ ïðîèçâîäíûõ
âûñîòû. Ýòè ïðîöåäóðû òðàäèöèîííî îñíîâàíû íà ÷èñëåííîé îá ðàáîòêå ÖÌÂ � äèñêðåò-
íûõ ôóíêöèé äâóõ ïåðåìåííûõ. Àâòîðû ðàçðàáîòàëè ñïåêòðàëü íî-àíàëèòè÷åñêèé ìåòîä
è àëãîðèòì íà îñíîâå îðòîãîíàëüíûõ ðàçëîæåíèé âûñîêîãî ïîð ÿäêà ñ èñïîëüçîâàíèåì
ìíîãî÷ëåíîâ ×åáûø¼âà I ðîäà ñ ïîñëåäóþùèì ñóììèðîâàíèåì Ôå éåðà. Ìåòîä è àëãîðèòì
ïðåäíàçíà÷åíû äëÿ àíàëèòè÷åñêîé îáðàáîòêè ÖÌÂ, âêëþ÷àÿ ãëî áàëüíóþ àïïðîêñèìàöèþ

� The study was supported by RFBR grant 15-07-02484.

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
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ðåãóëÿðíûõ ÖÌÂ, ãåíåðàëèçàöèþ è ïîäàâëåíèå øóìà â ÖÌÂ, à òàêæå ðàñ÷åò ìîðôî-
ìåòðè÷åñêèõ õàðàêòåðèñòèê íà îñíîâå àíàëèòè÷åñêîãî âû÷èñëåíèÿ ÷àñòíûõ ïðîèçâîäíûõ.
Äëÿ òåñòèðîâàíèÿ ìåòîäà è àëãîðèòìà èñïîëüçîâàëàñü ÖÌÂ Ñåâ åðíûõ Àíä, âêëþ÷àþùàÿ
230 880 òî÷åê (ìàòðèöà âûñîò 480� 481). Öèôðîâûå ìîäåëè âûñîò áûëè âîññòàíîâëåíû
ñ èñïîëüçîâàíèåì 480, 240, 120, 60 è 30 êîýôôèöèåíòîâ ðàçëîæ åíèÿ. Ïåðâûå è âòîðûå
÷àñòíûå ïðîèçâîäíûå âûñîòû áûëè àíàëèòè÷åñêè ðàññ÷èòàíû ï î âîññòàíîâëåííûì ÖÌÂ.
Ïðîèçâîäíûå áûëè èñïîëüçîâàíû äëÿ ðàñ÷åòà ìîäåëåé ãîðèçîí òàëüíîé êðèâèçíû ( kh).
Ñåðèÿ êàðò âûñîòû è kh , ïîëó÷åííûõ äëÿ ðàçëè÷íîãî ÷èñëà êîýôôèöèåíòîâ ðàçëîæåíè ÿ,
õîðîøî èëëþñòðèðóåò ãåíåðàëèçàöèþ äàííûõ, ïîäàâëåíèå øóì à è óäàëåíèå àðòåôàêòîâ,
ïðèñóòñòâóþùèõ â èñõîäíîé ÖÌÂ. Ðåçóëüòàòû òåñòèðîâàíèÿ ïîê àçàëè âûñîêóþ ðàáîòî-
ñïîñîáíîñòü ïðåäëàãàåìîãî ìåòîäà è àëãîðèòìà. Îíè ìîãóò ïð èìåíÿòüñÿ êàê óíèâåðñàëü-
íîå ñðåäñòâî äëÿ àíàëèòè÷åñêîé îáðàáîòêè äàííûõ â öèôðîâîì ìîäåëèðîâàíèè ðåëüåôà.

Êëþ÷åâûå ñëîâà : ïîëèíîìû ×åáûø¼âà; ñóììèðîâàíèå Ôåéåðà; ãåíåðàëèçàöèÿ; ï îäàâëå-
íèå øóìà; ÷àñòíûå ïðîèçâîäíûå

DOI: 10.21469/22233792.1.12.01

1 Introduction
Topography is one of the main factors controlling processes takingplace in the near-surface
layer of the planet. In particular, topography is one of the soil forming factors since it in
uences:
(a) climatic and meteorological characteristics which control hydrological and thermal regimes
of soils; (b) prerequisites for gravity-driven overland and intrasoil lateral transport of water and
other substances; and (c) spatial distribution of vegetation cover. At the same time, being a
result of the interaction of endogenous and exogenous processes of di�erent scales, topography
can re
ect the geological structure of a terrain. In this connection, digital terrain analysis and
digital terrain models (DTMs) are widely used to solve various multiscale problems of geo-
morphology, hydrology, remote sensing, soil science, geology, geophysics, geobotany, glaciology,
oceanology, climatology, planetology, and other disciplines [1{4].

Mathematical issues of quantitative modeling and analysis of the topographic surface can
be summarized in three main problems:

(1) interpolation of irregularly and regularly spaced digital elevationmodels (DEMs), two-
dimensional (2D) discrete functions of an elevation de�ning the topographic surface as a set
of values measured at the grid nodes. This task is commonly carried out by various local
interpolation techniques (e.g., piecewise splines) [5{7];

(2) DEM �ltering to denoise, generalize, and decompose DEMs into components of di�erent
spatial scales [4]. These tasks are usually attacked by 2D discrete Fourier transform [8{10],
2D discrete wavelet transform [11{13], and 2D singular spectrum analysis [14];

(3) derivation of local morphometric variables from regularly spaced DEMs to analyze the to-
pographic surface and relationships between topography and other natural and arti�cial
components of geosystems [4]. The list of local morphometric variables includes: slope gra-
dient, slope aspect, minimal curvature, maximal curvature, meancurvature, the Gaussian
curvature, unsphericity curvature, horizontal curvature, vertical curvature, di�erence curva-
ture, accumulation curvature, ring curvature, vertical excesscurvature, and horizontal excess
curvature. If the topographic surface is de�ned by a continuous, single-valued function

z = f (x; y); (1)
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where z is the elevation andx and y are the Cartesian coordinates, local morphometric
variables are the functions of partial derivatives of elevation:

r =
@2z
@x2

; t =
@2z
@y2

; s =
@2z

@x@y
; p =

@z
@x

; q =
@z
@y

: (2)

For example, horizontal curvature (kh), one of the most important morphometric attributes,
is calculated by the following equation [15]:

kh = �
q2r � 2pqs+ p2t

(p2 + q2)
p

1 + p2 + q2
: (3)

Equations of other local morphometric variables can be found elsewhere [4]. To computer ,
t, s, p, and q (2) from DEMs based on plane square grids or spheroidal equal angular grids,
one can apply methods based on approximation of partial derivatives by �nite di�erences
using the 3� 3 or 5� 5 moving windows [15{19].

However, it is obvious that the three mathematical problems of digital terrain analysis may
be resolved within a framework of an analytical treatment of DEMs using global approxima-
tion with (orthogonal) polynomials. In the 1960{1980s, there wereattempts to apply high-order
polynomials for DEM global approximation [20{23]. These attempts have faced several limita-
tions. First, such approaches have required considerable computer resources. Second, practical
tasks have demanded to work with increasingly large DEMs containingtens of thousands to
a few million points; existed methods and computers could not handle such data amounts.
Third, the topographic surface has appeared too complex for wideapplication of global poly-
nomial approximations. As a result, only low-order orthogonal polynomials have been utilized
in trend-surface analysis, a technique to reveal trend and residual components of the topo-
graphic surface [24, 25]. However, the current progress in the theory and practice of polynomial
approximation [26{28] suggests that it is now possible to solve such problems.

In this paper we describe a spectral analytical method and algorithm based on high-order
orthogonal expansions using the Chebyshev polynomials of the �rst kind with the subsequent
Fej�er summation. The method and algorithm are intended for the analytical treatment of reg-
ularly spaced DEM, such as DEM global approximation, denoising, andgeneralization as well
as computation of morphometric variables by analytical calculation of partial derivatives.

2 Method
Let consider a function of two variables (1) de�ned in a rectangulardomain. To approximate
analytically this function, the 2D expansion by the orthogonal Chebyshev polynomials of the
�rst kind

z =
l � 1X

i =0

l � 1X

j =0

dij Ti (x)Tj (y); (4)

where Ti (x) and Ti (y) are the Chebyshev polynomials orthogonal in the interval [� 1; 1] and
dij are the expansion coe�cients, has been used. It is assumed that the domain of the initial
function is translated into the domain of the orthogonal polynomialsby a linear transformation.

The method and algorithms for the function expansion by the Chebyshev polynomials are
described in [29, 30]. To calculate expansion coe�cients, we use an operator, or matrix method
introduced and studied in [30]. In this study, a 2D approximation of the function (1) is performed
as a superposition of one-dimensional approximations by each variable.
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We use the following formula for the Chebyshev polynomials:

B =
n

T0 =
1

p
2

; Ti = cos(i arccosx)
o

;

where i is the number of basis function,i = 1; :::; l � 1. The system of functionsTi (x);
i = 0; : : : ; l � 1, satis�es the orthogonality condition in the scalar product de�ned as follows:

(Ti ; Tj ) =

1Z

� 1

Ti (x)Tj (x)
1

p
1 � x2

dx =

(
� if i = j ;

0 if i 6= j :

In the discrete form, the scalar product on a nonuniform grid ofk nodes

t i = cos
�

� (i � 1=2)
k

�
;

which are the zeros of the orthogonal polynomialTk(x), i = 1; : : : ; k; has the form:

(Tn ; Tm ) =
2
k

kX

i =1

Tn (t i )Tm (t i ) =

(
� if n = m ;

0 if n 6= m :

The expansion coe�cients are calculated by the expressions:

ci =
(f; T i )
(Ti ; Ti )

:

Approximations based on orthogonal polynomials always lead to oscillatory artifacts due
to the Gibbs phenomenon [31]. To solve this problem, the original approximation was replaced
with a smooth representation obtained as an arithmetic mean of all partial sums of an orthog-
onal series (the Fej�er summation). According to the Fej�er theorem [32], the initial mean-square
approximation becomes the uniform one in this representation. TheFej�er summation (or av-
eraging) is the powerful method to suppress or eliminate oscillatoryartifacts of the Gibbs
phenomenon in data sets approximated with polynomials [31, 33].

Transformation of expansion coe�cients corresponding to the arithmetic mean of the partial
sums of an orthogonal series has the form:

~ci =
l � i

l
ci

where ~ci are the new weighting coe�cients of an orthogonal series,i = 0; : : : ; l � 1.
After the approximation of the function z (1) and the suppression of oscillatory artifacts,

it is possible to calculate the partial derivativesr , t, s, p, and q (2) in an analytical represen-
tation similar to the function z, that is, in the form of 2D orthogonal series. For the case of
the Chebyshev polynomials, calculation of the expansion coe�cientsof a derivative from the
expansion coe�cients of the initial function is described in [29]. In general form for an arbitrary
basis, a coe�cient conversion scheme is presented in [28].

In the present case, these formulas take the following form:

pl � 1 = 0 ; pl � 2 = 2( l � 2)cl � 1 ; pj = pj +2 + 2jc j +1 ; p0 =
p0p

2

wherepj are the expansion coe�cients of the derivative of an orthogonal series,j = l � 3; : : : ; 0.
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It should also be noted that expansion coe�cients of the derivativeshould be scaled in the
case of a linear transformation of function domain:

pj =
2
T

pj

whereT is the length of a function interval, j = 0; : : : ; l � 1.
Finally, to derive local morphometric variables, all the calculated values of the derivatives

are substituted into related equations, for instance, thekh equation (3).

3 Algorithm
Let the initial array is speci�ed as a matrixA with the dimensionm� n representing the function
values at the nodes of a square grid;x1; : : : ; xm are the values of the grid nodes in the interval
[� 1; 1] along abscissa,y1; : : : ; yn are the values of the grid nodes in the interval [� 1; 1] along
ordinate; and t1; : : : ; tk are the Gaussian quadrature nodes.

The k values determine the maximum degree of expansionl in Eq. (4). Sincem � n, so,
the Gaussian grid is identical for abscissas and ordinates. For a more accurate calculation of
the expansion coe�cients, it is recommended to choose thek value greater thanm and n. In
this study, k = 8 max(m; n).

Let introduce the following notations: L xt is the matrix of linear interpolation from the
grid x to the grid t; Tt is the matrix of the Chebyshev polynomial valuesTi (t j ) in the grid t,
where i = 0; : : : ; l � 1, j = 1; : : : ; k; F is the diagonal matrix with diagonal elements (l � i )=l,
i = 0; : : : ; l � 1, to derive the arithmetic mean of the sums of orthogonal series.

The calculation of the expansion coe�cients is carried out in two stages. First, all columns of
the matrix A are transformed into the expansion coe�cients that corresponds to the expansion
in the variable y:

C =
2
k

F TtL yt A :

Then, the matrix of the expansion coe�cients is transposed and the expansion is repeated that
corresponds to the expansion in the variablex:

D =
2
k

F TtL xt CT

whereC and D are the matrices of the expansion coe�cients, the intermediate and the resulting
ones.

Reconstruction of the approximated function is carried out by a simple summation of or-
thogonal series:

Z = T T
x D TTy :

Let E be the di�erentiation operator in the space of expansion coe�cients. Then the coef-
�cient matrices corresponding to the partial derivativesp, r , q, t, and s (2) are as follows:

P = ED ; R = E 2D ; Q = DE T ; T = D(E T)2 ; S = P ET :

These formulas exist only if the matrices of expansion coe�cients are square.

4 Data
To test the method and algorithm proposed, a portion of the Northern Andes measuring
4� � 4� , located between 2� S and 2� N, and 78� 300W and 74� 300W, was selected. The area
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covers regions of Ecuador, Colombia, and Peru including the parts of the Coastal plain, the
Andean Range, and the Upper Amazon basin (Fig. 1a). A DEM of the study area was extracted
from the global DEM GTOPO30 [34]. The DEM contains 230,880 points (the matrix 480� 481);
the grid spacing is 3000(Fig. 1a).

This area and GTOPO30 were selected because this DEM incorporates a high-frequency
noise caused by interpolation errors and inaccurate merging of topographic charts having dif-
ferent accuracy. Spatial distribution of the noise in GTOPO30 is uneven and depends on the
accuracy of cartographic sources. In particular, the potent noise is typical for forested regions
of South America because reasonably detailed and accurate topographic data were unavailable
for such areas. Thus, interpolation of sparse contours has beenused to compile these portions of
GTOPO30. Although DEM noise has no obstacle to produce realistic maps of elevation, it leads
to derivation of noisy and unreadable maps of local morphometric variables (computation of the
�rst and the second partial derivatives of elevation dramatically increases the noise [35]). The
study area, consisting of two main zones { high mountains and forested foothills { which have
di�erent signal-to-noise ratio, is ideally suited to validate the methodand algorithm proposed
as a tool for DEM analytical treatment. Earlier, this DEM was used to evaluate 2D singular
spectrum analysis as a tool to �lter DTMs [14].

5 Data Processing
Various numbers of expansion coe�cients were evaluated to reconstruct DEMs. Finally, the
most expressive variants were selected to illustrate capabilities of the method and algorithm to
generalize and denoise DEMs as well as to calculate partial derivatives for further computation
of local morphometric attributes. In particular, DEMs were reconstructed with 480, 240, 120,
60, and 30 expansion coe�cients (Figs. 1a{1e). The �rst and the second partial derivatives were
analytically calculated from the reconstructed DEMs. Digital modelsof 14 local morphometric
attributes were then computed using the derivatives. The models of slope gradient, slope aspect,
minimal curvature, maximal curvature, mean curvature, the Gaussian curvature, unsphericity
curvature, horizontal curvature, vertical curvature, di�erence curvature, accumulation curva-
ture, ring curvature, vertical excess curvature, and horizontal excess curvature were derived.
To illustrate e�ciency of the method and algorithm, kh maps are presented (Figs. 1f{1j).

To estimate the approxamation accuracy, deviations of the reconstructed DEMs were also
calculated from the initial DEM (Fig. 2).

Wide dynamic ranges usually characterize topographic variables. Toavoid loss of informa-
tion on spatial distribution of values of morphometric attributes in mapping, it makes sense to
apply a logarithmic transform using the following expression [15]:

� 0 = sign (�) ln(1 + 10 n j� j) (5)

where � is the value of a morphometric variable; andn = 0 for elevation and nonlocal variables
and n = 2; : : : ; 18 for local variables. For the DEM analytical treatment, selectionof the n value
depends on the size of a study area (n = 8 was used forkh mapping). Such a form of logarithmic
transformation considers that dynamic ranges of some topographic attributes include both
positive and negative values. All DEMs andkh digital models derived were logarithmically
transformed to prepare readable maps of elevation andkh (Fig. 1).

The DTMs produced had a grid size of 3000. The plate carr�ee projection was used for map-
ping. Data processing and mapping were done by software Matlab R2008b.
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Figure 1 The Northern Andes: elevation maps reconstructed with 480 (a), 240 (b), 120 (c), 60 (d),
and 30 (e) expansion coe�cients; andkh maps derived from reconstructed DEMs with 480 (f), 240 (g),
120 (h), 60 (i), and 30 (j) expansion coe�cients. The legendsare in logarithmic scale (to be continued)
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Figure 1 (continued)

6 Results and Discussion

6.1 Visual analysis of maps obtained

A set of elevation maps reconstructed with 480, 240, 120, 60, and30 expansion coe�cients
(Figs. 1a{1e) demonstrates a process of DEM generalization, from its minimal level (Fig. 1a)
to the maximal one (Fig. 1e). Similarly, a set ofkh maps calculated from DEMs reconstructed
with 480, 240, 120, 60, and 30 expansion coe�cients (Figs. 1f{1j)showskh generalization, from
its minimal level (Fig. 1f) to the maximal one (Fig. 1j).

The visual comparison of elevation maps reconstructed with 480, 240, and 120 expan-
sion coe�cients (Figs. 1a{1c) allows one to see nothing but marginalchanges in image pat-
terns. A cursory examination may lead to an underestimation of results of the DEM gener-
alization. The kh maps give better insight into the results. A comparison betweenkh maps
derived from di�erent DEMs (Figs. 1f{1j) shows a pronounced e�ect of the map gener-
alization. The less number of the expansion coe�cients used to reconstruct a DEM, the
more smooth and simpli�ed image patterns obtained. One can see theso-called 
ow struc-
tures formed by convergence and divergence areas (negative and positive kh values, respec-
tively).
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Figure 2 Deviations of the reconstructed DEMs from the initial DEM. R econstructions were done
with 480 (a), 240 (b), 120 (c), and 60 (d) expansion coe�cients. The legend is in logarithmic scale

The DEMs reconstructed with 60 and 30 expansion coe�cients (Figs. 1d and 1e) are
marked by the highest level of generalization. These elevation mapsrepresent a generalized
morphostructure of the continental scale, the Andean Range with foothills.

The decrease of the number of the expansion coe�cients in DEM reconstruction acts as
a high-frequency �ltering. Indeed, manifestation of high-frequency noise can be found on thekh

map derived from the DEM reconstructed with 480 expansion coe�cients (see the bottom right
corner in Fig. 1f). This noise is typical for the Andean foothills covered by dense rain forests.
However, there are no traces of this noise onkh maps derived from DEMs reconstructed with
less number of expansion coe�cients (Figs. 1g{1j). One can also observe the removal of an
artifact of other sort: a rectangular feature along the northeastern border of severalkh maps
(Figs. 1f{1h). This is a trace of the inaccurate merging of adjacent topographic charts marked
by di�erent accuracy during the compilation of GTOPO30. All tracesof the artifact disappear
on kh maps calculated from DEMs reconstructed with 60 and 30 expansioncoe�cients (Figs. 1i
and 1j).
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It is well known that orthogonal polynomial approximation produces boundary e�ects which
cannot be completely eliminated. In the present case, they appearas linear artifacts at the
boundaries ofkh maps (Figs. 1f{1h). A problem with map boundaries also arises using the �nite
di�erence algorithms: it is impossible to estimate partial derivatives for boundary columns and
rows of a DEM, because they are estimated for the center point ofthe moving window.

Note that the above mentioned noise and artifacts are weakly expressed: they are not visible
on the elevation maps (Figs. 1a{1e) and become clearly visible only onkh maps (Figs. 1f{1j)
after the calculation of partial derivatives of elevation which reinforce their expression.

6.2 Accuracy of DEM approximation and morphometric calcula tion
In digital terrain modeling, it is undesirable to use statistical metricsdescribing the accuracy
of a DTM by a single value. Indeed, the values of elevation and other morphometric variables
can be unevenly distributed in space that leads to the spatial variability of the DTM accuracy.
To estimate the DTM accuracy, it is appropriate to produce the maps of statistical metrics
characterizing DTM accuracy or errors at each point of a DTM (e.g.,Fig. 2).

The analysis of Fig. 2 shows that maximum deviations of reconstructed DEMs predictably
occur in areas of the contrast mountainous topography with dramatic elevation changes. The
use of the global approximation with the Fej�er summation leads to astrong smoothing of the
elevation function within such areas. However, it is necessary to remember that the goal is
twofold: on the one hand, it is required to hold a su�cient approximation accuracy of elevation
values using large sets of expansion coe�cients in DEM reconstruction and, on the other hand,
it is required to suppress high-frequency noise during DEM reconstruction. Since these goals to
some extent contradict one another, the key criterion is a su�cient plausibility of reconstructed
elevation maps with a simultaneous satisfactory noise reduction.

It is clear that the smaller the number of expansion coe�cients usedto reconstruct DEMs,
the greater the deviation of a DEM reconstructed from the initial DEM (Figs. 2b{2d). We
generalize the topographic surface reducing the number of expansion coe�cients (Figs. 1c{1e),
so the approximation accuracy problem becomes irrelevant.

The local morphometric variables are the functions of measured variables (elevations). Thus,
to estimate the accuracy of calculation of local morphometric attributes, one can use the crite-
rion of root mean square error (RMSE) of a function of measured variables. The RMSE equation
for kh is as follows [4, 36]:

mkh =
1

p2 + q2

 
1

1 + p2 + q2

(

m2
p

�
p

�
q2r � 2pqs+ p2t

�
�

2
p2 + q2

+
1

1 + p2 + q2

�
+ 2 ( qs� pt)

� 2

+ m2
q

�
q

�
q2r � 2pqs+ p2t

�
�

2
p2 + q2

+
1

1 + p2 + q2

�
+ 2 ( ps � qr)

� 2

+ m2
r q

4 + 4m2
sp

2q2 + m2
t p4

	� 1=2
(6)

where mp; mq; mr ; ms; and mt are the RMSEs ofp; q; r; s; and t (2), respectively. The RMSE
equations of other local morphometric variables can be found elsewhere [4].

Equation (6) can be applied to produce a digital model and map ofmkh . Earlier, analysis
of mkh maps allowed to determine some regularity for spatial distribution ofmkh values. Gen-
erally, the 
atter topography, the higher mkh value [18, 36]. Themkh values can be in excess of
maximum absolute values ofkh within 
at areas. However, this does not mean that there are
errors in DTMs within such areas:mkh is a statistical property of a function kh; that is, mkh

values represent a possibility for errors.
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Table 1 The average processing time to reconstruct a DEM and to derive a morphometric variable
(seconds) depending on the number of expansion coe�cients used

Number of coe�cients DEM reconstruction DEM reconstructio n + kh derivation

30 0.05 0.06
60 0.06 0.07

120 0.07 0.08
240 0.08 0.09
480 1.40 1.50
960 3.10 3.20

1200 4.40 4.50
2400 13.60 13.70
3000 20.50 20.60

6.3 E�ciency of the method and algorithm

To estimate the e�ciency of the method and algorithm developed, ano�ce computer with
modest facilities (Intel Celeron, CPU G460, 1.80 GHz, 1.95 GB RAM) was used. Test results are
presented in Table 1. It is clearly seen that most of the time is spent on the DEM reconstruction;
it nonlinearly depends on the number of expansion coe�cients used.In this regard, the time
for calculation of partial derivatives and local morphometric variables is absolutely negligible.

Earlier, the initial DEM was used to evaluate 2D singular spectrum analysis as a tool to
generalize, smooth, and denoise DTMs; the software 2D-SSA was utilized [14]. The processing
time and DEM treatment results were, in general, comparable to those presented in this paper.
However, 2D singular spectrum analysis does not allow one to calculate analytically partial
derivatives and morphometric variables.

The processing time to derive a local morphometric variable by a �nitedi�erence algorithm
from the initial DEM was estimated as about 0.5 s (the software LandLord [4] was applied).
So, the e�ciency of the developed method and algorithm is comparable with that of existing
�nite di�erence ones.

The advantage of the developed method and algorithm is the possibility to apply several
procedures of DTM treatment | DEM approximation, generalization , smoothing, as well as
calculation of partial derivatives and morphometric variables { withinthe framework of a single
approach. These procedures are usually implemented in individual alogorithms, utilities, or even
programs. Such integration allows one to save time for DTM processing.

7 Concluding Remarks

The study demonstrated a good performance of the developed method and algorithm. They can
be utilized as a universal tool for analytical treatment of regularlyspaced DEMs including DEM
global approximation, denoising, and generalization as well as derivation of local morphometric
variables from DEMs using analytical calculation of partial derivatives. Further development of
the method will include: (a) incorporation of other high-order orthogonal polynomials (e. g., the
Fourier and Legendre ones); (b) their comparative analysis in terms of e�ciency and accuracy
of DEM treatment; (c) evaluation of calculation accuracy using appropriate statistical metrics
(e. g., RMSE of a function of the measured values); and (d) comparison of the developed method
and algorithm with traditional techniques applied in digital terrain modeling.
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Èíñòèòóò ïðîáëåì ïåðåäà÷è èíôîðìàöèè ÐÀÍ, Ìîñêâà 127051, Áî ëüøîé Êàðåòíûé ïåð., ä. 19

Èññëåäîâàíû âîïðîñû îöåíêè ñëîæíîñòè èçîáðàæåíèÿ, êîòîðàÿ èíòåðïðåòèðóåòñÿ êàê
õàðàêòåðèñòèêà, îòðàæàþùàÿ ÷èñëî, ðàçìåðû è çàìåòíîñòü åã î äåòàëåé. Èññëåäîâàíû âîç-
ìîæíîñòè èñïîëüçîâàíèÿ äëÿ ýòîãî äâóìåðíûõ âàðèàöèé. Ðàññ ìîòðåíû ìîäèôèêàöèè èç-
âåñòíûõ äâóìåðíûõ âàðèàöèé â ïðèìåíåíèè ê äèñêðåòíûì èçîáð àæåíèÿì. Ïðåäëîæåíà
îöåíêà, íàçâàííàÿ ïîêàçàòåëü ðàçìåðîâ îáúåêòîâ . Òåîðåòè÷åñêèå âûâîäû ïîäòâåðæäåíû
ýêñïåðèìåíòàëüíûìè èññëåäîâàíèÿìè. Ïðîâåäåí àíàëèç èçìå íåíèÿ çíà÷åíèé äâóìåðíûõ
âàðèàöèé èçîáðàæåíèÿ ïðè óâåëè÷åíèè øóìà, à òàêæå ïðè ñãëàæ èâàíèè è äåêîìïîçèöèè.
Ïîêàçàíî, ÷òî ïðåäëîæåííàÿ êîìáèíàöèÿ äâóìåðíûõ âàðèàöèé îòðàæàåò ìîðôîëîãè÷å-
ñêóþ ñòðóêòóðó èçîáðàæåíèÿ è ìîæåò ñëóæèòü îöåíêîé åãî ñëîæ íîñòè.

Êëþ÷åâûå ñëîâà : äâóìåðíûå âàðèàöèè; ñëîæíîñòü èçîáðàæåíèÿ; îáðàáîòêà âèä åîèí-
ôîðìàöèè
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1 Ââåäåíèå
Ïðèìåíåíèå ìåòîäîâ îáðàáîòêè âèäåîèíôîðìàöèè ïðåäïîëàãà åò îöåíêó ïîëó÷àåìîãî

ðåçóëüòàòà. Â çàäà÷àõ, êîòîðûå óäàåòñÿ ôîðìóëèðîâàòü êàê çàäà÷è âîññòàíîâëåíèÿ èëè
ôèëüòðàöèè ñèãíàëà, äëÿ ýòîé öåëè ÷àñòî èñïîëüçóþòñÿ ðàçëè÷íûå âàðèàíòû îòêëîíåíèé
(MSE � mean square error, PSNR � peak signal-to-noise ratio, SSIM � structural similarity
è äð.), êîòîðûå óäîáíû â òåîðåòè÷åñêèõ ðàçðàáîòêàõ, à òàêæåâ ñëó÷àÿõ, êîãäà èñõîä-
íûé ñèãíàë èçâåñòåí. Â ðåàëüíûõ æå ñèòóàöèÿõ íåèñêàæåííûé ñèãíàë íåäîñòóïåí. Ïðè

� Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîññèéñêîãî íàó ÷íîãî ôîíäà, ïðîåêò •14-50-00150.

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
Machine Learning and Data Analysis, 2015. Vol. 1 (12).
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òàêèõ óñëîâèé õîòåëîñü áû íàéòè ÷èñëåííóþ îöåíêó ðåçóëüòàòà, êîòîðàÿ áûëà áû àäåêâàò-
íà èçîáðàæåíèþ êàê äâóìåðíîé ôóíêöèè è ïðè ýòîì íå èñïîëüçîâ àëà áû îðèãèíàëüíûé
ñèãíàë.

Äëÿ ðåøåíèÿ ïîäîáíîé çàäà÷è, êàê ïðàâèëî, ïðåäëàãàþòñÿ ìåò îäû, èñïîëüçóþùèå îäèí
èç ñëåäóþùèõ äâóõ ïîäõîäîâ. Ïåðâûé çàêëþ÷àåòñÿ â ïîïûòêå ðå øåíèÿ çàäà÷è îöåíèâà-
íèÿ êà÷åñòâà èçîáðàæåíèÿ [1, 2]. Âòîðîé ÷àùå âñåãî ñâÿçàí ñ íåçàâèñèìûì îöåíèâàíèåì
ñëîæíîñòè ñèãíàëà, íî îáû÷íî åãî èñïîëüçóþò ïðè ñóùåñòâåíí ûõ îãðàíè÷åíèÿõ, íàïðèìåð
â çàäà÷å ñæàòèÿ [3] èëè â çàäà÷å àâòîìàòè÷åñêîãî îïîçíàâàíèÿ öåëåé [4].

Ïðèìåíèòåëüíî ê èçîáðàæåíèþ, êîòîðîå ÿâëÿåòñÿ äâóìåðíûì ñ èãíàëîì, òàêæå õîòå-
ëîñü áû âûáðàòü îöåíêó, õàðàêòåðèçóþùóþ åãî ïðîñòðàíñòâåí íóþ èçìåí÷èâîñòü. Ïëî-
äîòâîðíûì çäåñü ïðåäñòàâëÿåòñÿ ïîäõîä, îñíîâàííûé íà ðàññ ìîòðåíèè èçîáðàæåíèÿ êàê
ôóíêöèè ñ îãðàíè÷åííîé âàðèàöèåé [5] è îöåíèâàíèè åå èçìåí÷ èâîñòè ïðè ïîìîùè ìåõà-
íèçìà äâóìåðíûõ è ìíîãîìåðíûõ âàðèàöèé [6�9]. Âîïðîñ âîçìî æíîñòè ïðèìåíåíèÿ äâó-
ìåðíûõ âàðèàöèé äëÿ îöåíêè èçîáðàæåíèÿ ðàññìàòðèâàëñÿ â ñò àòüÿõ [10�12]; íàñòîÿùàÿ
ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì óêàçàííûõ èññëåäîâàíèé.

Â ðàáîòå ðàññìàòðèâàþòñÿ âàðèàíòû ðåàëèçàöèè ðàçëè÷íûõ äâóìåðíûõ âàðèàöèé
â ïðèìåíåíèè ê äèñêðåòíûì ñèãíàëàì è èññëåäîâàíû âîçìîæíîñ òè èõ èñïîëüçîâàíèÿ äëÿ
îöåíêè ñëîæíîñòè èçîáðàæåíèé. Ñëîæíîñòü èçîáðàæåíèÿ èíòå ðïðåòèðóåòñÿ êàê õàðàêòå-
ðèñòèêà, îòðàæàþùàÿ ÷èñëî, ðàçìåðû è çàìåòíîñòü (êîíòðàñò ) åãî äåòàëåé. Òàêæå ïîëà-
ãàåòñÿ, ÷òî ïðè óâåëè÷åíèè ÷èñëà è êîíòðàñòà äåòàëåé ñëîæíîñòü èçîáðàæåíèÿ äîëæíà
âîçðàñòàòü, à ïðè óâåëè÷åíèè ðàçìåðîâ äåòàëåé � óìåíüøàòüñ ÿ.

Ïîíÿòèå ñëîæíîñòè òðàêòóåòñÿ ïî-ðàçíîìó äëÿ ñèãíàëîâ, ôóí êöèé è ïîòîêà ñîîáùå-
íèé. Îäíîìåðíûé ñèãíàë, ÿâëÿþùèéñÿ äåéñòâèòåëüíîé ôóíêöè åé âðåìåíè, õàðàêòåðèçó-
åòñÿ ýíåðãèåé, äëèòåëüíîñòüþ è øèðèíîé ñïåêòðà [13]. Ñëîæí îñòü àíàëèòè÷åñêîé ôóíê-
öèè ìíîãèõ ïåðåìåííûõ ïðèíÿòî õàðàêòåðèçîâàòü ÷èñëîì åå ïå ðåìåííûõ n, à äëÿ s ðàç
äèôôåðåíöèðóåìûõ ôóíêöèé � îòíîøåíèåì n=s [14]. Òåîðåòèêî-èíôîðìàöèîííûé ïîä-
õîä ê îöåíêå ñëîæíîñòè ïîòîêà ñîîáùåíèé, ïðåäñòàâèìîãî â äè ñêðåòíîì âèäå, îñíîâàí íà
âû÷èñëåíèè ýíòðîïèè H = � � p(z) log(p(z)), ãäåp(z) � âåðîÿòíîñòü ýëåìåíòà èçîáðàæå-
íèÿ ñî çíà÷åíèåì z. Èíîãäà äëÿ îöåíèâàíèÿ ñëîæíîñòè äèñêðåòíîãî ñèãíàëà èñïî ëüçóåòñÿ
êîýôôèöèåíò ñîêðàùåíèÿ îáúåìà äàííûõ (êîëè÷åñòâà áèò), êî òîðûé òðåáóåòñÿ äëÿ âîññòà-
íîâëåíèÿ. Òàêîé ïîäõîä, èäåîëîãè÷åñêè áëèçêèé ïîíÿòèþ êîë ìîãîðîâñêîé ñëîæíîñòè [15],
ñâÿçàí ñ íåîáõîäèìîñòüþ âûáîðà òîãî èëè èíîãî àëãîðèòìà ñæà òèÿ è ïî ñóòè ÿâëÿåòñÿ
âàðèàíòîì ýíòðîïèéíîãî îöåíèâàíèÿ.

Êàæäûé èç óêàçàííûõ ñïîñîáîâ îöåíêè ñëîæíîñòè ïî òåì èëè èíû ì ïðè÷èíàì ìàëî
èëè äàæå ñîâñåì íå ïðèìåíèì ê èçîáðàæåíèþ êàê äâóìåðíîé ôóíê öèè ÿðêîñòè ïðîñòðàí-
ñòâåííûõ êîîðäèíàò, îòðàæàþùåé íåêîòîðóþ ôèçè÷åñêóþ õàðà êòåðèñòèêó íàáëþäàåìîé
ñöåíû. Â ÷àñòíîñòè, ñóùåñòâåííûé îáùèé íåäîñòàòîê ïåðå÷èñ ëåííûõ âàðèàíòîâ îöåíîê
çàêëþ÷àåòñÿ â òîì, ÷òî îíè íå ÿâëÿþòñÿ ìåòðè÷åñêèìè õàðàêòå ðèñòèêàìè è íå çàâèñÿò îò
àìïëèòóäû ñèãíàëà.

2 Äâóìåðíûå âàðèàöèè è èõ äèñêðåòíûå àíàëîãè
Ðàñïðîñòðàíåííîé ìåòðè÷åñêîé õàðàêòåðèñòèêîé èçìåí÷èâî ñòè è ñëîæíîñòè îäíîìåð-

íîé ôóíêöèè íà îòðåçêå [a; b] ÿâëÿåòñÿ âàðèàöèÿ. Ñ÷èòàÿ ôóíêöèþ f (x) îòðàæåíèåì íåêî-
òîðîé ðåàëüíîé ôèçè÷åñêîé âåëè÷èíû (íàïðèìåð, ýíåðãèè èëè ïëîòíîñòè), ìîæíî ïîëà-
ãàòü, ÷òîf (x) íà íàáëþäàåìîì îòðåçêå îãðàíè÷åíà è èìååò êîíå÷íîå ÷èñëî òî ÷åê ðàçðûâà
ïåðâîãî ðîäà. Òîãäà f (x) ÿâëÿåòñÿ ôóíêöèåé ñ îãðàíè÷åííîé ïîëíîé âàðèàöèåé, êîòîðà ÿ
ïî îïðåäåëåíèþ åñòü âåëè÷èíà
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V b
a (z(x))

4
= sup

P

K � 1X

k=0

kz(xk+1 ) � z(xk )k; (1)

ò. å. òî÷íàÿ âåðõíÿÿ ãðàíü ïî âñåì âîçìîæíûì ðàçáèåíèÿì P îòðåçêà [a; b]. Â êîíòåê-
ñòå êóñî÷íî-ïîñòîÿííîé ìîäåëè èçîáðàæåíèÿ [16] ñóùåñòâåí íî îòìåòèòü, ÷òî çíà÷åíèå
âàðèàöèè íå èçìåíÿåòñÿ ïðè ¾âñòàâêå¿ â ôóíêöèþ z(x) ó÷àñòêîâ âèäà z(x) = const,
f x 2 [c; d] � [a; b]g, åñëè ïðè ýòîì íå äîáàâëÿþòñÿ ðàçðûâû ïåðâîãî ðîäà.

Ïîëíàÿ âàðèàöèÿ V b
a (z(x)) ìîæåò ñëóæèòü óäîâëåòâîðèòåëüíîé îöåíêîé ñëîæíîñòè îä-

íîìåðíîé ôóíêöèè. Ïðåäëîæåíî ìíîãî åå îáîáùåíèé íà ñëó÷àé ô óíêöèè ìíîãèõ ïåðå-
ìåííûõ (âàðèàöèè Âèòàëè, Àðöåëà, Ôðåøå, Òîíåëëè è äð.). Âñå îíè ñâîäÿòñÿ ê òîìó,
÷òî îïðåäåëÿåòñÿ íåêîòîðûé ôóíêöèîíàë, îãðàíè÷åííîñòü êî òîðîãî ãàðàíòèðóåò íàëè÷èå
ó ôóíêöèè ðÿäà ñâîéñòâ, àíàëîãè÷íûõ ñâîéñòâàì îäíîìåðíîé ô óíêöèè ñ êîíå÷íûì èç-
ìåíåíèåì. Îäíàêî ïåðå÷åíü òàêèõ ñâîéñòâ îêàçûâàåòñÿ îùóòè ìî áåäíåå íàáîðà ñâîéñòâ
âàðèàöèè äëÿ îäíîìåðíûõ ôóíêöèé, õîòÿ ïðè ýòîì è óäàåòñÿ ôîð ìóëèðîâàòü îòäåëüíûå
âûâîäû è òåîðåìû [8]. Ê òîìó æå âîçíèêàåò îïðåäåëåííàÿ íåîäí îçíà÷íîñòü ìíîãîìåðíûõ
âàðèàöèé, â ÷àñòíîñòè ñâÿçàííàÿ ñ òåì, ÷òî îíè ñóùåñòâåííî ç àâèñÿò îò âûáîðà ñèñòåìû
êîîðäèíàò.

Ìíîãîìåðíûå âàðèàöèè (ïî àíàëîãèè ñ îäíîìåðíûìè) ôîðìóëèð óþòñÿ äëÿ íåïðåðûâ-
íûõ ôóíêöèé êàê òî÷íûå âåðõíèå ãðàíè âûáðàííûõ ôóíêöèîíàëî â ïî ìíîæåñòâó äîïóñòè-
ìûõ ðàçáèåíèé íîñèòåëÿ ñåêóùèìè ãèïåðïëîñêîñòÿìè íà ýëåìå íòàðíûå ïàðàëëåëåïèïåäû.
Â ñëó÷àå äèñêðåòíîé ôóíêöèè íåïðèÿòíîñòü ñîñòîèò â òîì, ÷òî ìèíèìàëüíîå ðàçáèåíèå
îãðàíè÷åíî ñíèçó ïðîñòðàíñòâåííîé òî÷íîñòüþ åå ïðåäñòàâë åíèÿ. Ïîýòîìó ôîðìóëû âà-
ðèàöèè äèñêðåòíûõ ôóíêöèé ÿâëÿþòñÿ ëèøü ñîîòâåòñòâóþùèìè àíàëîãàìè è ïðèáëèæå-
íèÿìè ôîðìóë âàðèàöèè íåïðåðûâíûõ ôóíêöèé, ÷òî â íåêîòîðûõ ñëó÷àÿõ ìîæåò âûçâàòü
îïðåäåëåííûå íåòî÷íîñòè. Òàêæå íåîáõîäèìî îòìåòèòü, ÷òî ä àëåêî íå âñå îïåðàöèè ìî-
ãóò áûòü ïðèìåíèìû ê äèñêðåòíîé ôóíêöèè áåç ïîòåðè èíôîðìàö èè: íàïðèìåð, îïåðàöèè
ïîâîðîòà íà ïðîèçâîëüíûé óãîë èëè îïåðàöèè ñæàòèÿ êàê â îáëà ñòè íîñèòåëÿ, òàê è â ïðî-
ñòðàíñòâå çíà÷åíèé.

Ðàññìîòðèì, êàê áóäóò âûãëÿäåòü íàèáîëåå èçâåñòíûå îïðåäåëåíèÿ âàðèàöèé [8, 9, 17]
â ïðèìåíåíèè ê äâóìåðíîé äèñêðåòíîé ôóíêöèè F = f f (i; j )g (i = 1; :::; I ; j = 1; :::; J) íà
ïðÿìîóãîëüíîì íîñèòåëå D ñ ñîîòâåòñòâóþùèì ðàçáèåíèåì.

Àðöåëà âàðèàöèÿ[8, 17] ïî ñóòè ÿâëÿåòñÿ ñóììîé ìîäóëåé ãðàäèåíòîâ ïî êîîðäè íàòíûì
îñÿì è ïðåäñòàâëÿåòñÿ ôîðìóëîé:

A(F; D) =
I � 1X

i =1

J � 1X

j =1

(jf (i +1; j ) � f (i; j )j + jf (i; j +1) � f (i; j )j) : (2)

Äàííûé ñïîñîá îöåíêè èçìåí÷èâîñòè äâóìåðíîé ôóíêöèè èñïîë üçóåòñÿ â áîëüøèíñòâå
òåîðåòè÷åñêèõ è ïðàêòè÷åñêèõ ðàçðàáîòîê.

Âèòàëè âàðèàöèÿ [8, 17] ôîðìàëüíî çàïèñûâàåòñÿ êàê

V(F; D) =
I � 1X

i =1

J � 1X

j =1

jf (i +1; j +1)+ f (i; j ) � f (i; j +1) � f (i +1; j )j : (3)

Â êà÷åñòâå ñóùåñòâåííîãî íåäîñòàòêà äàííîãî äèñêðåòíîãî ïðåäñòàâëåíèÿ âàðèàöèè ñëå-
äóåò îòìåòèòü, ÷òî íà ó÷àñòêàõ ôóíêöèè f (i; j ), ãäå íàáëþäàþòñÿ ïåðåïàäû åå çíà÷åíèé
â íàïðàâëåíèè òîëüêî îäíîé èç êîîðäèíàòíûõ îñåé ( i èëè j ), îòêëèê îïåðàòîðà, ñîîòâåò-
ñòâóþùåãî ôîðìóëå (3), áóäåò ðàâåí íóëþ.
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Ïüåðïîíòà âàðèàöèÿ [17, 18] ïðåäïîëàãàåò ðàâíîìåðíîå ðàçáèåíèå êàæäîé èç ñòîð îí
ïðÿìîóãîëüíèêà D íà ðàâíûå ìåæäó ñîáîé îòðåçêè, ÷òî èäåîëîãè÷åñêè ñîîòâåòñò âóåò ðàâ-
íîìåðíîé äèñêðåòèçàöèè íîñèòåëÿ. Â êàæäîì îáðàçóåìîì ýëåì åíòàðíîì ïàðàëëåëåïèïå-
äå � (i; j ) èçìåðÿåòñÿ âåëè÷èíà êîëåáàíèÿ ! (F; � (i; j )) , à âàðèàöèÿ âû÷èñëÿåòñÿ êàê

P(F; D) =
I � 1X

i =1

J � 1X

j =1

! (F; � (i; j )) : (4)

Ñîãëàñíî [18], êîëåáàíèå ! åñòü! (F; � (i; j )) = max f f (x; y) 2 � (i; j )g� minf f (x; y) 2 � (i; j )g,
÷òî â äèñêðåòíîì ñëó÷àå ìîæíî îïðåäåëèòü êàê

! (F; � (i; j )) = max fj f (i +1; j ) � f (i; j )j; jf (i; j +1) � f (i; j )jg :

Òîíåëëè âàðèàöèÿ [8, 17] îïðåäåëÿåòñÿ êàê ñóììà îäíîìåðíûõ âàðèàöèé (1) ïî âñ åì
çíà÷åíèÿì i è j êàæäîé èç êîîðäèíàò ïðè ïîñòîÿííîì çíà÷åíèè âòîðîé êîîðäèí àòû. Ïóñòü
 1(i ) � îäíîìåðíàÿ âàðèàöèÿ ôóíêöèè f (i; j ) ïî j ïðè i = const, à  2(j ) � îäíîìåðíàÿ
âàðèàöèÿ ôóíêöèè f (i; j ) ïî i ïðè j = const. Òîãäà

T(F; D) =
IX

i =1

 1(i ) +
JX

j =1

 2(j ) : (5)

Íåòðóäíî óáåäèòüñÿ, ÷òî çíà÷åíèÿ, âû÷èñëÿåìûå ïî ôîðìóëàì (5) è (2) áóäóò ðàâíû, ò. å.
âàðèàöèè Àðöåëà è Òîíåëëè äëÿ äèñêðåòíûõ ôóíêöèé ñîâïàäàþò .

Ôðåøå âàðèàöèÿ[17] â ôîðìóëèðîâêå äëÿ äâóìåðíîé äèñêðåòíîé ôóíêöèè ñîâïà äàåò
ñ Õàðäè âàðèàöèåé [8, 17] è âû÷èñëÿåòñÿ ñëåäóþùèì îáðàçîì:

� 1(f ; (i; j )) = f (i +1; j ) � f (i; j ) ;
� 2(f ; (i; j )) = � 2(� 1(f ; (i; j ))) = ( f (i +1; j +1) � f (i; j +1)) � (f (i +1; j ) � f (i; j )) ;

F (F; D) = H (F; D) =
I � 1X

i =1

J � 1X

j =1

j� 2(� 1(f ; (i; j ))) j: (6)

Êàê ëåãêî çàìåòèòü, ôîðìóëû (6) è (3) ñîâïàäàþò, ò. å. âàðèàö èè Âèòàëè, Ôðåøå è Õàðäè
äëÿ äèñêðåòíûõ ôóíêöèé áóäóò ìåæäó ñîáîé ðàâíû, â òî âðåìÿ êà ê äëÿ íåïðåðûâíûõ
ôóíêöèé îíè ðàçëè÷àþòñÿ.

Ðàññìîòðåííûå âàðèàöèè òàê èëè èíà÷å èìåþò â ñâîåé îñíîâå çí à÷åíèå ìîäóëÿ ãðàäè-
åíòà ôóíêöèè â òî÷êå, ïîýòîìó èõ âåëè÷èíû è ïîâåäåíèå áëèçêè ìåæäó ñîáîé.

Êðîíðîäà âàðèàöèÿ [7] â ðÿäó âàðèàöèé ìíîãîìåðíûõ ôóíêöèé ñòîèò îñîáíÿêîì ïî ò îé
ïðè÷èíå, ÷òî íå èñïîëüçóåò ãðàäèåíòíûå õàðàêòåðèñòèêè ôóí êöèè, à òàêæå äàåò â ðå-
çóëüòàòå çíà÷åíèÿ íå îäíîãî, à íåñêîëüêèõ ôóíêöèîíàëîâ. Åå ðàññìîòðåíèþ ïîñâÿùåí
ñëåäóþùèé ðàçäåë.

3 Äâóìåðíàÿ âàðèàöèÿ Êðîíðîäà
Îáîáùåíèÿ îòäåëüíûõ âûâîäîâ è òåîðåì, êîòîðûå óäàâàëîñü ôî ðìóëèðîâàòü, èñ-

ïîëüçóÿ îïðåäåëåíèÿ âûøåïåðå÷èñëåííûõ âàðèàöèé (äëÿ íåïð åðûâíûõ ôóíêöèé), ïðè-
âåëè ê âûâîäó, ÷òî ôóíêöèÿ ìíîãèõ ïåðåìåííûõ äîëæíà õàðàêòå ðèçîâàòüñÿ íå îäíèì,
à íåñêîëüêèìè ôóíêöèîíàëàìè, êîòîðûå â îïðåäåëåííîì ñìûñë å íåçàâèñèìû. Äàííûé
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òåçèñ áûë îáîñíîâàí À. Ñ. Êðîíðîäîì ïðè èçó÷åíèè ôóíêöèé äâó õ ïåðåìåííûõ [7]. Îñ-
íîâûâàÿñü íà ïîíÿòèè ìíîæåñòâ óðîâíÿ, îí ïðåäëîæèë äëÿ ôóíê öèè äâóõ ïåðåìåííûõ
èñïîëüçîâàòü äâà ôóíêöèîíàëà, îïðåäåëÿåìûå ñëåäóþùèì îáð àçîì:

w1(f ) =

1Z

�1

v0(et ) dt ; w2(f ) =

1Z

�1

v1(et ) dt : (7)

Çäåñü ìíîæåñòâî et � ýòî t-óðîâåíü ôóíêöèè f (x; y), ò. å. ìíîæåñòâî òåõ òî÷åê (x; y), â êîòî-
ðûõ f (x; y) = t; v0(et ) � ÷èñëî êîìïîíåíò ìíîæåñòâà et ; v1(et ) � äëèíà et (ïî Õàóñäîðôó).
Òåì ñàìûì çíà÷åíèå w1 õàðàêòåðèçóåò ÷èñëî ëîêàëüíûõ ýêñòðåìóìîâ ôóíêöèè.

Âèòóøêèíûì áûëî íàéäåíî óäà÷íîå îïðåäåëåíèå âàðèàöèè ìíîæ åñòâà, ïðè÷åì äàííûé
ïîäõîä, òàêæå îñíîâàííûé íà ðàññìîòðåíèè ìíîæåñòâ óðîâíÿ, áûë ðàñøèðåí äëÿ ôóíêöèé
ìíîãèõ ïåðåìåííûõ [8]. Äëÿ ïëîñêîãî ìíîæåñòâà et , êîòîðîå ÿâëÿåòñÿ t-óðîâíåì ôóíêöèè
f (x; y), âàðèàöèÿ çàäàåòñÿ íå îäíèì, à òðåìÿ çíà÷åíèÿìè: v0, v1 è v2, êîòîðûå îïðåäåëÿþòñÿ
ñëåäóþùèì îáðàçîì.

Ïóñòü E � çàìêíóòîå îãðàíè÷åííîå ìíîæåñòâî íà ïëîñêîñòè; òîãäà âàð èàöèÿ v0(E)
åñòü ÷èñëî êîìïîíåíò E, âàðèàöèÿv2(E) åñòü ñóììàðíàÿ ïëîùàäü êîìïîíåíò E, à çíà÷åíèå
âàðèàöèèv1(E) îïðåäåëÿåòñÿ ñëåäóþùèì âûðàæåíèåì [8, 9]:

v1(E) = c

2�Z

0

v0(E; L � ) d� ;

ãäå

v0(E; L � ) =
Z

L �

v0

�
E \ (L � )

?
z

�
dz :

ÇäåñüL � � ïðÿìàÿ x cos� + y sin� = 0, à (L � ) ?
z � ïðÿìàÿ, ïðîõîäÿùàÿ ÷åðåç òî÷êó z 2 L �

ïåðïåíäèêóëÿðíî ê L � . Êîíñòàíòà c âûáèðàåòñÿ òàêèì îáðàçîì, ÷òîáû äëÿ îòðåçêà I åäè-
íè÷íîé äëèíû íà îñè 0x âûïîëíÿëîñü ñîîòíîøåíèå: v1(I ) = 1 . Äëÿ ñëó÷àÿ êîíå÷íîé v0(et ),
âàðèàöèþ v1(et ) ìîæíî èíòåðïðåòèðîâàòü êàê äëèíó ãðàíèö êîìïîíåíò et . Âàðèàöèèv0, v1

è v2 íàçâàíû ñîîòâåòñòâåííî íóëåâîé , ëèíåéíîé è ïëîñêîé ñîãëàñíî òîìó, êàê èçìåíÿþòñÿ
èõ çíà÷åíèÿ ïðè ãîìåîìîðôèçìå: v0 íå ìåíÿåòñÿ, v1 ìåíÿåòñÿ ëèíåéíî ñ èçìåíåíèåì êîýô-
ôèöèåíòà ðàñòÿæåíèÿ K , à v2 ìåíÿåòñÿ ïðîïîðöèîíàëüíî K 2, ò. å. êàê ïëîùàäü ïëîñêîé
ôèãóðû.

Âàæíî îòìåòèòü, ÷òî âàðèàöèÿ v0 ìíîæåñòâà óðîâíÿ et , âõîäÿùàÿ â îïðåäåëåíèå âàðè-
àöèè w1(f ), ÿâëÿåòñÿ íå ìåòðè÷åñêîé, à â îïðåäåëåííîì ñìûñëå òîïîëîãè ÷åñêîé õàðàêòå-
ðèñòèêîé ôóíêöèè, îñíîâàííîé íà ïîíÿòèè ñâÿçíîñòè è íå èçìå íÿþùåéñÿ ïðè ãîìåîìîð-
ôèçìå. Êàñàòåëüíî çíà÷åíèÿ âàðèàöèè w2(f ), â [5] áûëî ïîêàçàíî, ÷òî äëÿ íåïðåðûâíî
äèôôåðåíöèðóåìîé íà D ôóíêöèè f (x; y) ñïðàâåäëèâî ðàâåíñòâî:

w2(f ) =
Z

D

Z
j grad(f (x; y)) j dxdy ;

ò. å.w2(f ) ÿâëÿåòñÿ èíòåãðàëîì ìîäóëÿ ãðàäèåíòà ôóíêöèè ïî îáëàñòè íî ñèòåëÿ. Â íàøåì
ñëó÷àåf (x; y) åñòü çíà÷åíèå ñèãíàëà (ÿðêîñòè) èçîáðàæåíèÿ, êîòîðîå ìîæí î ñ÷èòàòü íåîò-
ðèöàòåëüíûì è îãðàíè÷åííûì, à çíà÷èò, ïðåäåëû èíòåãðèðîâà íèÿ â (7) ìîæíî îãðàíè÷èòü
äèàïàçîíîì [0; T], ãäåT � ìàêñèìàëüíîå äîïóñòèìîå çíà÷åíèå.
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Â îòëè÷èå îò v0 è v1 õàðàêòåðèñòèêàv2(et ) íå ïðåäñòàâëÿåò èíòåðåñà äëÿ îöåíêè ñëîæ-
íîñòè ôóíêöèè. Ðàññìàòðèâàÿ v2(et ) êàê ñóììó ïëîùàäåé âñåõ êîìïîíåíò ñå÷åíèÿ óðîâíÿ t
ôóíêöèè ÿðêîñòè f (x; y), ðàçäåëåííûõ ãðàíèöàìè, î÷åâèäíî, ÷òî v2(et ) = S(D), ò. å. ðàâíî
ïëîùàäè âñåãî ìíîæåñòâà D, è òåì ñàìûì äîïîëíèòåëüíîé èíôîðìàöèè íå íåñåò.

Ìîæíî ïðåäïîëîæèòü, ÷òî ïîëåçíûì îêàæåòñÿ èñïîëüçîâàíèå ï îäìíîæåñòâà ~v2(et )
(~v2(et ) � v2(et )) , ñîñòîÿùåãî, ñêàæåì, òîëüêî èç òåõ òî÷åê (x; y), äëÿ êîòîðûõ âûïîëíÿ-
åòñÿf (x; y) > t. Ïî àíàëîãèè ñ (7) îïðåäåëèì òðåòèé ôóíêöèîíàë êàê èíòåãðàë ïëîñêîé
âàðèàöèè

w3(f ) =

TZ

0

~v2(et ) dt ;

çíà÷åíèå êîòîðîãî áóäåò ðàâíî îáúåìó òðåõìåðíîé ôèãóðû, îã ðàíè÷åííîé ôóíêöè-
åé f (x; y) è ïëîñêîñòüþ z(x; y) = 0 . Ïîñêîëüêó f (x; y) çàäàíà íà îãðàíè÷åííîì äâóìåð-
íîì ìíîæåñòâå D 3 (x; y), ñïðàâåäëèâî âûðàæåíèå ~v2(et )=S(D) = 1 � Ff (t), ãäå S(D) �
ïëîùàäü D, à Ff (t) � ôóíêöèÿ ðàñïðåäåëåíèÿ çíà÷åíèé f (x; y). Îòñþäà

~v2(et ) = S(D)

0

@1 �

tZ

0

h(z) dz

1

A = S(D)

TZ

t

h(z) dz ;

ãäå h(z) = pf f (x; y) = zg åñòü ïëîòíîñòü âåðîÿòíîñòè çíà÷åíèé ôóíêöèè f (x; y). Ëåãêî
âèäåòü, ÷òî ïðè ýòîì ñîîòíîøåíèå w3(f )=S(D) áóäåò ðàâíî ñðåäíåìó çíà÷åíèþ f (x; y) íà
D, èëè, â èíòåðïðåòàöèè èçîáðàæåíèÿ, åãî ñðåäíåé ÿðêîñòè. Ýòî îçíà÷àåò, ÷òî ôóíêöè-
îíàë w3(f ) òàêæå íå ñîäåðæèò èíôîðìàöèè î ñòðóêòóðå f (x; y). Òåì ñàìûì, äëÿ îöåí-
êè ñëîæíîñòè ôóíêöèè f (x; y) îñòàþòñÿ òîëüêî äâå âûøåïðèâåäåííûå âàðèàöèè w1(f )
è w2(f ).

Â ñëó÷àå äèñêðåòíîé ôóíêöèè f (i; j ) äâóìåðíûå âàðèàöèè (7) âûðàæàþòñÿ ñëåäóþùè-
ìè ôîðìóëàìè:

w1(f ) =
T � 1X

x=0

v0(et )
T

; w2(f ) =
T � 1X

x=0

v1(et )
T

: (8)

ãäåT � îáùåå ÷èñëî âîçìîæíûõ çíà÷åíèé ôóíêöèè f (i; j ) (äëÿ èçîáðàæåíèÿ � ÷èñëî ãðà-
äàöèé ÿðêîñòè). Ïðè âû÷èñëåíèè âàðèàöèé â êà÷åñòâå ìíîæåñòâà et âûñòóïàåò áèíàðíàÿ
ìàòðèöà B = f b(i; j )g, ñòðîÿùàÿñÿ ñëåäóþùèì îáðàçîì:

b(i; j ) =
�

0; åñëèf (i; j ) < t ;
1; åñëèf (i; j ) > t :

Äèñêðåòèçàöèÿ èçîáðàæåíèÿ îñóùåñòâëÿåòñÿ, êàê ïðàâèëî, íà êâàäðàòíîé ðåøåòêå. Ïðè
ýòîì çíà÷åíèå v0(et ) îïðåäåëÿåòñÿ êàê ñóììà ÷èñëà ñâÿçíûõ êîìïîíåíò, ñîñòàâëåí íûõ èç
ñîñåäñòâóþùèõ (â ñìûñëå 4-ñîñåäñòâà [19]) ýëåìåíòîâ èçîáðàæåíèÿ ñî çíà÷åíèåì b(i; j ) = 0
è ÷èñëà àíàëîãè÷íûõ ñâÿçíûõ êîìïîíåíò èç ýëåìåíòîâ ñ b(i; j ) = 1 . Çíà÷åíèå v1(et ) åñòü
ñóììàðíàÿ äëèíà ãðàíèö êîìïîíåíò v0(et ). Â ñëó÷àå äèñêðåòíîé ôóíêöèè f (i; j ) çíà÷å-
íèå v1(et ) çàâèñèò îò ñïîñîáà âû÷èñëåíèÿ äëèíû ãðàíèöû. Íà êâàäðàòíîé ðåøåòêå äëèíó
ãðàíèö ÷àùå âñåãî èçìåðÿþò â ìåòðèêå L1, îïðåäåëÿÿ v1(et ) êàê ñóììàðíîå ÷èñëî ñåãìåí-
òîâ ðåøåòêè, ðàçäåëÿþùèõ ýëåìåíòû ñ íåñîâïàäàþùèìè çíà÷åí èÿìè.

Ôîðìàëüíîå âû÷èñëåíèå çíà÷åíèé âàðèàöèé ñîãëàñíî (8) íà îã ðàíè÷åííîì íîñèòåëå D
ïðåäïîëàãàåò, ÷òî ñàìà îáëàñòü D òàêæå ó÷èòûâàåòñÿ â êà÷åñòâå îòäåëüíîé êîìïîíåíòû.
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Ýòî ïðèâîäèò ê ñëåäóþùåìó ïðîòèâîðå÷èþ. Âàðèàöèè w1 è w2 äëÿ ôóíêöèè ïîñòîÿííîãî
çíà÷åíèÿ f (i; j ) = const, äëÿ êîòîðîé îíè, î÷åâèäíî, äîëæíû áûòü ðàâíû íóëþ, îêàçûâà -
þòñÿ íåíóëåâûìè: w1(f ) = 1 , à w2(f ) = P(D) � ïåðèìåòðó îáëàñòè D. Äëÿ óñòðàíåíèÿ
äàííîãî ïðîòèâîðå÷èÿ ñëåäóåò ìîäèôèöèðîâàòü ôîðìóëû (8) ñ ëåäóþùèì îáðàçîì:

w1(f ) =

 
T � 1X

x=0

v0(et )
T

!

� 1 ; w2(f ) =

 
T � 1X

x=0

v1(et )
T

!

� P(D) : (9)

Â äàëüíåéøåì çíà÷åíèÿ w1 è w2 äëÿ äèñêðåòíîé ôóíêöèè f (i; j ) íà îãðàíè÷åííîì íîñèòå-
ëå áóäóò ïîíèìàòüñÿ èìåííî â ñìûñëå (9). Áóäó÷è íîðìèðîâàíí ûì íà âåëè÷èíó äèàïàçî-
íà T, çíà÷åíèå w1 ÿâëÿåòñÿ õàðàêòåðèñòèêîé ÷èñëà è àìïëèòóäû îáúåêòîâ èçîáðàæåíèÿ,
îáðàçóþùèõ â ñå÷åíèÿõ îòäåëüíûå êîìïîíåíòû. Ïîýòîìó çíà÷å íèå w1 óäîáíî èìåíîâàòü
ïîêàçàòåëåì ÷èñëà îáúåêòîâ èçîáðàæåíèÿ. Ìîæíî òàêæå ïîêàçàòü, ÷òî çíà÷åíèå âòîðîé
âàðèàöèèw2(f ) â (8) áóäåò ñîâïàäàòü ñî çíà÷åíèåì äèñêðåòíîé âàðèàöèè Òîíå ëëè (5).

4 Ïîêàçàòåëü ðàçìåðîâ îáúåêòîâ èçîáðàæåíèÿ
Ïîëó÷àåìûå çíà÷åíèÿ âàðèàöèé Êðîíðîäà ïîçâîëÿþò îöåíèòü í åêîòîðûå ïàðàìåòðû

èçîáðàæåíèÿ, êîòîðûå îòðàæàþò êàê àìïëèòóäíûå, òàê è ìîðôî ëîãè÷åñêèå åãî õàðàêòåðè-
ñòèêè. Çíà÷åíèå ïåðâîé âàðèàöèèw1 îòðàæàåò ÷èñëî è êîíòðàñò äåòàëåé íà èçîáðàæåíèè,
à çíà÷åíèå âòîðîé, w2, � ñóììó ïåðèìåòðîâ äåòàëåé. Íàðÿäó ñ ýòèì, âàæíûì âûãëÿäèò
ñîîòíîøåíèå âàðèàöèé qw(f ) = w2(f )=w1(f ), êîòîðîå îòðàæàåò ñðåäíèé ïåðèìåòð äåòàëåé
íà èçîáðàæåíèè (çäåñü ïðåäïîëàãàåì, ÷òî w1 > 0, èíà÷å qw(f ) = 0 ).

Â äèñêðåòíîì èçîáðàæåíèè íàèìåíüøèì âîçìîæíûì îáúåêòîì ÿâ ëÿåòñÿ îäèí ýëåìåíò
(ïèêñåëü). Ýòî çíà÷èò, ÷òî ìèíèìàëüíî âîçìîæíàÿ êîìïîíåíò à èç ÷èñëà âõîäÿùèõ â ìíî-
æåñòâî óðîâíÿ et èìååò ëèíåéíûé ðàçìåð, ðàâíûé îäíîìó øàãó äèñêðåòèçàöèè. Ï åðèìåòð
òàêîé êîìïîíåíòû èç îäíîãî ýëåìåíòà áóäåò ðàâåí 4 � çíà÷åíèþ , êîòîðîå åñòü àíàëîã
÷èñëà� â ìåòðèêå L1 è ÿâëÿåòñÿ ìèíèìàëüíî âîçìîæíûì äëÿ ñîîòíîøåíèÿ ïåðèìåòð/ ïëî-
ùàäü îáúåêòà. Ïðåäïîëàãàÿ, ÷òî â äèñêðåòíîì ñëó÷àå äëèíà ãð àíèö êîìïîíåíò, ñîñòàâëÿ-
þùèõ v1(et ), èçìåðÿåòñÿ â ìåòðèêå L1, î÷åâèäíî, ÷òî è äëÿ qw(f ) òàêæå ñóùåñòâóåò ìèíè-
ìàëüíî âîçìîæíîå çíà÷åíèå, êîòîðîå òîæå ðàâíî 4, ïðè÷åì ìèí èìóì äîñòèãàåòñÿ â ñëó÷àå,
êîãäà âñå êîìïîíåíòû ìíîæåñòâ óðîâíÿ et äëÿ âñåõt ÿâëÿþòñÿ îäíîýëåìåíòíûìè. Â ñâÿçè
ñî ñêàçàííûì óäîáíî ââåñòè õàðàêòåðèñòèêó

d(f ) =
q(f )

4
; (10)

êîòîðóþ ïî àíàëîãèè ñ ïîêàçàòåëåì ÷èñëà îáúåêòîâ w1 â (9) åñòåñòâåííî íàçâàòüïîêàçà-
òåëü ðàçìåðîâ îáúåêòîâ èçîáðàæåíèÿ; äëÿ íåå áóäåò âûïîëíÿòüñÿ ñîîòíîøåíèå d(f ) > 1.

5 Äâóìåðíàÿ âàðèàöèÿ êàê îöåíêà ñëîæíîñòè èçîáðàæåíèÿ
Äëÿ èçîáðàæåíèé ñ ïðåîáëàäàíèåì ìåëêèõ äåòàëåé, êîòîðûå íà ìíîæåñòâàõ óðîâíÿ

îòîáðàæàþòñÿ êîìïîíåíòàìè íåáîëüøèõ ðàçìåðîâ, çíà÷åíèÿ d áóäóò ìàëûìè, à äëÿ èçîá-
ðàæåíèé ñ êðóïíûìè äåòàëÿìè � áîëüøèìè. Îòìåòèì, ÷òî ê äåòàë ÿì èçîáðàæåíèÿ îò-
íîñÿòñÿ òàêæå è øóìû, ÿâëÿþùèåñÿ ëîêàëüíûìè âûáðîñàìè ñèãí àëà è ïðîÿâëÿþùèåñÿ
íà ìíîæåñòâàõ óðîâíÿ êàê ñàìîñòîÿòåëüíûå êîìïîíåíòû ñ ìèíè ìàëüíî âîçìîæíûì ïåðè-
ìåòðîì. Â ñâÿçè ñ ýòèì çíà÷åíèå d äîëæíî óáûâàòü ïðè óâåëè÷åíèè ÷èñëà è àìïëèòóäû
øóìîâûõ âûáðîñîâ. Íèæå ýòîò ôàêò ïîäòâåðæäàåòñÿ ýêñïåðèìå íòàëüíî.



Äâóìåðíûå âàðèàöèè êàê ñðåäñòâî îöåíèâàíèÿ ñëîæíîñòè èçîá ðàæåíèé 1667

Îñîáûé èíòåðåñ ïðåäñòàâëÿåò ïîâåäåíèå çíà÷åíèé w1(f ) è d(f ) ïðè âîçìîæíûõ ïðåîá-
ðàçîâàíèÿõ ôóíêöèè f (x; y). Äëÿ íåêîòîðûõ âàæíûõ ÷àñòíûõ ñëó÷àåâ ìîæíî ñôîðìóëè-
ðîâàòü ñëåäóþùèå óòâåðæäåíèÿ.
1. Çíà÷åíèå w1 íå çàâèñèò îò âûáîðà ñèñòåìû êîîðäèíàò, à d çàâèñèò îò âûáîðà èëè

ïîâîðîòà ñèñòåìû êîîðäèíàò îòíîñèòåëüíî íîñèòåëÿ D ëèøü â ñòåïåíè òî÷íîñòè äèñ-
êðåòèçàöèèf (x; y).

2. Ïðè ëèíåéíûõ àìïëèòóäíûõ ïðåîáðàçîâàíèÿõ âèäà Cf (x; y), ãäåC � êîíñòàíòà, çíà-
÷åíèå w1 óâåëè÷èâàåòñÿ ïðîïîðöèîíàëüíî C, à çíà÷åíèå d íå èçìåíÿåòñÿ.

3. Ïðè ëèíåéíîì ïðîñòðàíñòâåííîì ðàñòÿæåíèè íîñèòåëÿ D â K ðàç çíà÷åíèå w1 íå èç-
ìåíÿåòñÿ, à çíà÷åíèå d óâåëè÷èâàåòñÿ òàêæå âK ðàç.

4. Ðàñøèðèì D äîáàâëåíèåì îáëàñòè U, íà êîòîðîé f (x; y) èìååò ïîñòîÿííîå çíà÷åíèå,
ò. å. f (x; y) = const f (x; y) 2 U � ~D = D [ Ug, ñ óñëîâèåì, ÷òî ïðè ðàñøèðåíèè
íå âîçíèêàåò íîâûõ ó÷àñòêîâ ðàçðûâà ïåðâîãî ðîäà. Òàêîå ðàñ øèðåíèå íå ïðèâîäèò
ê èçìåíåíèþ çíà÷åíèé w1 è d.

5. Ïðè óâåëè÷åíèè êîëè÷åñòâà äåòàëåé íà èçîáðàæåíèè (íî ïðè ñîõðàíåíèè íåîáõîäèìûõ
ñòàòèñòè÷åñêèõ ñîîòíîøåíèé è ðàñïðåäåëåíèé) çíà÷åíèå w1 ïðîïîðöèîíàëüíî óâåëè-
÷èâàåòñÿ, àd íå èçìåíÿåòñÿ.

6. Ïóñòü îáëàñòü D ïðÿìîóãîëüíà, è ïî âûáðàííîé îñè, ñêàæåì, îñè Y, îãðàíè÷åíà îòðåç-
êîì [a; b]. Ðàñøèðèì åå îáëàñòüþ U, çàäàííîé íà ïîëóîòðåçêå (b; c], íà êîòîðîì f (x; y)
èìååò çåðêàëüíîå ïðîäîëæåíèå: f (x; b+y) = f (x; b� y). Ïðè òàêîì ðàñøèðåíèè çíà÷åíèå
w1 âîçðàñòàåò ïðîïîðöèîíàëüíî èçìåíåíèþ ïëîùàäè, òîãäà êàê ç íà÷åíèå d íå ìåíÿåòñÿ.
Òàêèì îáðàçîì, ïðè óêàçàííûõ èçìåíåíèÿõ äâóìåðíîé ôóíêöèè f (x; y) êàê ìèíèìóì

îäíî èç çíà÷åíèé w1 è d îêàçûâàåòñÿ èíâàðèàíòîì, âòîðîå æå çíà÷åíèå ÿâëÿåòñÿ ïðåä -
ñêàçóåìîé ôóíêöèåé ïðåîáðàçîâàíèÿ. Ïðèìåíèòåëüíî ê èçîáð àæåíèÿì óòâåðæäåíèå 2 ñî-
îòâåòñòâóåò ëèíåéíîìó èçìåíåíèþ êîíòðàñòà; óòâåðæäåíèå 3 � ëèíåéíîé ãåîìåòðè÷åñêîé
òðàíñôîðìàöèè; óòâåðæäåíèå 4 � äîáàâëåíèþ/óäàëåíèþ ó÷àñò êîâ èçîáðàæåíèÿ ñ ðîâ-
íûì ôîíîì áåç äåòàëåé; óòâåðæäåíèå 5 áëèçêî ïðåäûäóùåìó è ñî îòâåòñòâóåò êîíöåíòðà-
öèè/ðàçðåæåííîñòè äåòàëåé íà èçîáðàæåíèè; óòâåðæäåíèå 6 � âàðèàíò çåðêàëüíîé ïðî-
ëîíãàöèè èçîáðàæåíèÿ çà ðàìêè îáëàñòè D, ÷àñòî èñïîëüçóåìûé àëãîðèòìàìè ëîêàëüíîãî
àíàëèçà. Êðîìå òîãî, ïîâòîðåíèå ñâîéñòâ ÷àñòè èçîáðàæåíèÿ íà âñåì èçîáðàæåíèè ïî ñó-
ùåñòâó îçíà÷àåò îäíîðîäíîñòü (ñòàöèîíàðíîñòü), ò. å. äîñò àòî÷íîñòü îïðåäåëåíèÿ çíà÷åíèé
w1 è d íà äîâåðèòåëüíîì ó÷àñòêå è èíòåðïðåòàöèè èõ äëÿ èçîáðàæåíè ÿ â öåëîì.

Îòìåòèì âàæíóþ îñîáåííîñòü ââåäåííîãî ïîêàçàòåëÿ ðàçìåðî â îáúåêòîâ d(f ), èìå-
þùóþ ñëåäñòâèå â óòâåðæäåíèÿõ 2 è 5. Õàðàêòåðèñòèêàd(f ) îáëàäàåò òåì ñâîéñòâîì, ÷òî
îòðàæàåò ëèøü ñðåäíèå ðàçìåðû îáúåêòîâ íà èçîáðàæåíèè è íå ç àâèñèò îò èõ êîëè÷åñòâà
è êîíòðàñòà ñàìèõ îáúåêòîâ � ýòó ÷àñòü èíôîðìàöèè íåñåò âàðè àöèÿ w1(f ).

Èç ñêàçàííîãî ÿñíî, ÷òî ïåðâàÿ âàðèàöèÿ w1(f ) âìåñòå ñ õàðàêòåðèñòèêîéd(f ) îòðà-
æàþò ïðîñòðàíñòâåííóþ è ÿðêîñòíóþ èçìåí÷èâîñòü èçîáðàæåí èÿ è â ñîâîêóïíîñòè ìîãóò
ñëóæèòü ïîêàçàòåëÿìè ñëîæíîñòè èçîáðàæåíèÿ â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè, ñôîðìó-
ëèðîâàííûìè âî ââåäåíèè. Ðàçëè÷íîå ïîâåäåíèå óêàçàííûõ õà ðàêòåðèñòèê ïîäòâåðæäàåò
òó èçíà÷àëüíóþ ãèïîòåçó Êðîíðîäà, ÷òî äëÿ îïèñàíèÿ èçìåí÷è âîñòè äâóìåðíûõ ôóíêöèé
êàêîé-òî îäíîé âàðèàöèè íåäîñòàòî÷íî è ñëåäóåò èñïîëüçîâà òü äâà íåçàâèñèìûõ ôóíêöè-
îíàëà.

6 Î ñðàâíåíèè è èíòåðïðåòàöèè îöåíîê
Ïîñêîëüêó õàðàêòåðèñòèê ñëîæíîñòè îêàçûâàåòñÿ äâå, ïðè÷åì îíè, âîîáùå ãîâîðÿ,

íåçàâèñèìû, òî âîçíèêàåò åñòåñòâåííûé âîïðîñ, êàê ñ èõ ïîìî ùüþ ñðàâíèâàòü ðàçëè÷íûå



Ï. À. ×î÷èà 1668

èçîáðàæåíèÿ ìåæäó ñîáîé. Äîñòàòî÷íî î÷åâèäíî, ÷òî åñëè õàð àêòåðèñòèêàd(f ) ïîñòîÿí-
íà, òî ñ óâåëè÷åíèåì w1(f ) ñëîæíîñòü èçîáðàæåíèÿ áóäåò âîçðàñòàòü; òàêæå ñëîæíîñòü
áóäåò âîçðàñòàòü è ñ óìåíüøåíèåì d(f ) ïðè ïîñòîÿííîì w1(f ). Òîãäà, åñëè äëÿ ïàðû èçîá-
ðàæåíèé f 1 è f 2 âûïîëíÿþòñÿ ñîîòíîøåíèÿ w1(f 1) < w 1(f 2) è d(f 1) > d (f 2), òî åñòåñòâåííî
ïîëàãàòü, ÷òî èçîáðàæåíèå f 2 ÿâëÿåòñÿ áîëåå ñëîæíûì, ÷åì f 1. Îñòàåòñÿ âîïðîñ, êàê ñðàâ-
íèâàòü äðóãèå ñëó÷àè.

Ðàññìîòðèì èçîáðàæåíèå ñ ìàëûì çíà÷åíèåì w1 è áîëüøèì çíà÷åíèåì d; òàêèå ñîîò-
íîøåíèÿ îçíà÷àþò, ÷òî íà èçîáðàæåíèè èìååòñÿ ìàëîå ÷èñëî äå òàëåé áîëüøèõ ðàçìåðîâ
(ñ áîëüøèìè ïåðèìåòðàìè). Åñëè çíà÷åíèÿ w1 è d ìàëû, ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî
äåòàëåé íà èçîáðàæåíèè ñîäåðæèòñÿ ìàëî, ïðè÷åì îíè íåáîëüø îãî ðàçìåðà. Ñëó÷àé îäíî-
âðåìåííî áîëüøèõ çíà÷åíèé w1 è d, îçíà÷àþùèé íàëè÷èå áîëüøîãî ÷èñëà äåòàëåé áîëüøèõ
ðàçìåðîâ, êàê î÷åâèäíî, îãðàíè÷åí ðàçìåðàìè ñàìîé îáëàñòè D. Âî âñåõ ïîäîáíûõ ñëó÷àÿõ
îáû÷íî ïðèíÿòî ãîâîðèòü, ÷òî îöåíêà ñëîæíîñòè çàâèñèò îò êî íêðåòíîé çàäà÷è.

Â íåêîòîðûõ ñëó÷àÿõ îïòèìèçàöèÿ â ìíîãîìåðíîì ïðîñòðàíñòâ å çàòðóäíèòåëüíà è ïðè-
õîäèòñÿ èç íåñêîëüêèõ ôóíêöèîíàëîâ òåì èëè èíûì îáðàçîì ôîð ìèðîâàòü åäèíîå îáîá-
ùåííîå çíà÷åíèå. Â êà÷åñòâå îäíîãî èç ïðîñòåéøèõ âàðèàíòîâ îáîáùåíèÿ ìîæíî ïðåäëî-
æèòü ñëåäóþùóþ ëèíåéíóþ êîìáèíàöèþ:

w(z) = w1(z) + Cw2(z) = w1(z)(1 + Cd(z)) ; (11)

êîòîðàÿ ìîæåò, íàïðèìåð, ïðèìåíÿòüñÿ â çàäà÷àõ âîññòàíîâë åíèÿ â êà÷åñòâå ñòàáèëèçè-
ðóþùåãî ôóíêöèîíàëà 
( z).

7 Èñïîëüçîâàíèå îöåíêè ñëîæíîñòè â çàäà÷àõ âîññòàíîâëåíèÿ
×èñëåííûå îöåíêè ñèãíàëà àêòóàëüíû ïðè ðåøåíèè ðàçëè÷íûõ ç àäà÷, â ÷àñòíîñòè

êëàññè÷åñêîé îïòèìèçàöèîííîé çàäà÷è âîññòàíîâëåíèÿ èñêà æåííîãî ñèãíàëà ìåòîäîì ðå-
ãóëÿðèçàöèè [20], êîòîðàÿ ôîðìóëèðóåòñÿ ñëåäóþùèì îáðàçî ì. Ïóñòü èñõîäíûé ñèãíàë z
èñêàæåí îïåðàòîðîì A (ëèíåéíûì èëè íåëèíåéíûì) è øóìîì � , â ðåçóëüòàòå ÷åãî íàáëþ-
äàåòñÿ ñèãíàëu = A(z) + � . Ïîëàãàÿ îïåðàòîð A ñ îïðåäåëåííîé òî÷íîñòüþ èçâåñòíûì,
ñòðîèòñÿ âîññòàíàâëèâàþùèé îïåðàòîð Â (àëãîðèòì) Â(u) ) f z� g, îòîáðàæàþùèé u íà
ìíîæåñòâî äîïóñòèìûõ ðåçóëüòàòîâ z� 2 Z . Âû÷èñëÿåòñÿ ôóíêöèîíàë

' � (u; � ) = kAz� � uk + � 
( z� ) ; (12)

ãäå 
( z� ) � íåîòðèöàòåëüíûé ñòàáèëèçèðóþùèé ôóíêöèîíàë, à � � ðåãóëÿðèçèðóþùèé
ïàðàìåòð. Îïòèìàëüíûé íà Z ðåçóëüòàòz� íàõîäèòñÿ ïóòåì ìèíèìèçàöèè ôóíêöèîíà-
ëà ' � (u; � ) ïðè âûáðàííîì çíà÷åíèè � :

' z� (u; � ) = inf
z� 2 Z

' � (u; � ) : (13)

Âîññòàíàâëèâàþùèé îïåðàòîð Â ñòðîèòñÿ èñõîäÿ èç ïðåäïîëîæåíèé î ñâîéñòâàõ èñêàæà-
þùåãî îïåðàòîðà A è çàâèñèò îò êîíêðåòíûõ óñëîâèé. Â êàêèõ-òî ñëó÷àÿõ, êàê â çàäà÷å
ëèíåéíîãî âîññòàíîâëåíèÿ [20], îí ìîæåò áûòü îáðàòíûì îïåð àòîðîì Â = A � 1, â äðóãèõ,
êàê, íàïðèìåð, â çàäà÷å ôèëüòðàöèè øóìà íà îñíîâå ïîëíîé âàð èàöèè [21], � åäèíè÷íûì
îïåðàòîðîì Â = E èëè êàêèì-òî äðóãèì.

Âàæíûì ÿâëÿåòñÿ òî, ÷òî â îòëè÷èå îò âîññòàíàâëèâàþùåãî îïå ðàòîðà Â ñòàáèëèçè-
ðóþùèé ôóíêöèîíàë 
( z), âîîáùå ãîâîðÿ, íå çàâèñèò îò èñêàæàþùåãî ïðåîáðàçîâàíèÿ
è âûáèðàåòñÿ êàê íåêîòîðàÿ õàðàêòåðèñòèêà ñèãíàëàz, êîòîðàÿ ìîæåò çàäàâàòüñÿ èñõîäÿ
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èç ìîäåëè ñèãíàëà. Äëÿ îäíîìåðíûõ ôóíêöèé îáû÷íî ïðåäëàãàå òñÿ èñïîëüçîâàòü îöåíêè
òèïà íîðìû èëè âàðèàöèè [20]. Â êîíòåêñòå íàøåé çàäà÷è ôóíêö èîíàë 
( z) ìîæíî èíòåð-
ïðåòèðîâàòü êàê îöåíêó ñëîæíîñòè ñèãíàëà. Â êà÷åñòâå òàêîâîãî ìîæåò èñïîëüçîâàòüñÿ
çíà÷åíèå w(z) èç (11).

8 Çíà÷åíèÿ îöåíîê ñëîæíîñòè äëÿ ðàçëè÷íûõ èçîáðàæåíèé
Ïðåäñòàâëÿåò èíòåðåñ, íàñêîëüêî èçìåðÿåìûå çíà÷åíèÿ ñëîæ íîñòè w1(f ) è d(f ) ìîãóò

ìåíÿòüñÿ îò èçîáðàæåíèÿ ê èçîáðàæåíèþ, êàê îíè çàâèñÿò îò óð îâíÿ øóìîâ è êàê èçìå-
íÿþòñÿ ïðè ñãëàæèâàíèè. Ïðè ïðîâåäåíèè ïîäîáíûõ ýêñïåðèìå íòîâ òðåáóåòñÿ ñðàâíåíèå
ñèãíàëà, ïîëó÷àåìîãî ïðè ïðåîáðàçîâàíèè, ñ íåêèì ýòàëîííû ì è íåèñêàæåííûì. Ñôîð-
ìèðîâàòü òàêîå ýòàëîííîå èçîáðàæåíèå ìîæíî, îñíîâûâàÿñü í à äâóõìàñøòàáíîé ìíîãî-
êîìïîíåíòíîé ìîäåëè èçîáðàæåíèÿ [16]. Ñîãëàñíî äàííîé ìîä åëè, èçîáðàæåíèå f (i; j )
ïðåäñòàâëÿåòñÿ êàê àääèòèâíàÿ ñìåñü äâóõ êîìïîíåíò: êóñî÷ íî-ãëàäêîé S(i; j ) è òåêñ-
òóðíî-øóìîâîé � (i; j ). Ïîñëåäíÿÿ â ñâîþ î÷åðåäü íåñåò èíôîðìàöèþ î òåêñòóðå, ìåëê èõ
äåòàëÿõt(i; j ) è øóìå � (i; j ):

f (i; j ) = S(i; j ) + � (i; j ) = S(i; j ) + t(i; j ) + � (i; j ) : (14)

Äëÿ ëîêàëüíûõ àëãîðèòìîâ îáðàáîòêè ðåçóëüòàò ïðåîáðàçîâà íèÿ â êàæäîé òî÷êå (i; j )
çàâèñèò ëèøü îò ýëåìåíòîâ, ïîïàäàþùèõ â îãðàíè÷åííóþ è ñðàâ íèòåëüíî íåáîëüøóþ îá-
ëàñòü àíàëèçàR(i; j ). Â [16] ïîêàçàíî, ÷òî â òàêîì ñëó÷àå äëÿ áîëüøèíñòâà ðåàëüíû õ
èçîáðàæåíèé ìîæíî ñ÷èòàòü, ÷òî S(u; v) = S(i; j ) ïðè óñëîâèè (u; v) � R(i; j ). Òàêèì îá-
ðàçîì â ïðåäåëàõ îáëàñòè R(i; j ) çíà÷åíèå S(u; v) ïîëàãàåòñÿ ïîñòîÿííûì. Ýòî ïîçâîëÿåò

(à) (á) (â) (ã)

(ä) (å) (æ ) (ç)

Ðèñ. 1 Òåñòîâûå èçîáðàæåíèÿ: (à) è (á) ïîðòðåòû ñ ìåëêèìè è êðóïíûìè äåòàëÿìè; ( â), (ã)
è (ä) ãîðîäñêîé ëàíäøàôò, àýðîôîòîñíèìîê è íàòþðìîðò ñîîòâåòñ òâåííî; ( å) êîìïüþòåðíàÿ
òîìîãðàììà; ( æ ) ñèíòåçèðîâàííûé ðèñóíîê ñ ïðîòÿæåííûìè êóñî÷íî-ïîñòîÿí íûìè îáúåêòàìè;
(ç) òåñòîâûé ñèãíàë ñ äåòàëÿìè ðàçëè÷íûõ ðàçìåðîâ è ÿðêîñòè íà ðîâíîì ôîíå
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Òàáëèöà 1 Çíà÷åíèÿ äâóìåðíûõ âàðèàöèé, ïîêàçàòåëÿ ðàçìåðîâ îáúåêòî â (d) è ýíòðîïèè ( E)
äëÿ èçîáðàæåíèé íà ðèñ. 1

Èçîáðàæåíèå A=T P V=F=H K � w1 K � w2 d E
a 5242,72 3715,70 2859,43 469,85 5250,25 2,80 7,59
á 2583,56 1825,14 1038,43 129,23 2586,58 5,01 7,60
â 7928,75 6072,46 3497,91 618,79 7935,70 3,21 7,59
ã 4178,20 2954,15 1981,67 332,67 4184,39 3,16 7,19
ä 3256,29 2389,90 1562,20 256,84 3260,76 3,18 7,34
å 5107,64 3642,48 2499,84 419,62 5108,65 3,05 6,76

æ 1160,50 1021,17 528,25 11,34 1160,48 25,58 3,11
ç 811,67 778,54 132,52 33,13 811,67 6,12 0,58

ç + øóì 1944,96 1539,15 945,04 233,96 1944,93 2,08 3,63

ôîðìèðîâàòü ýòàëîííîå èçîáðàæåíèå êàê êóñî÷íî-ïîñòîÿííû é äâóìåðíûé ñèãíàë, êîòî-
ðûé âïîñëåäñòâèè áóäåò ïîäâåðãàòüñÿ èñêàæåíèÿì è ïðîöåäóðàì ñãëàæèâàíèÿ.

Äëÿ ýêñïåðèìåíòîâ áûë îòîáðàí íàáîð èç ðåàëüíûõ è ñèíòåçèðî âàííûõ èçîáðàæåíèé
ðàçëè÷íîé äåòàëüíîñòè è ñîäåðæàíèÿ. ×àñòü èçîáðàæåíèé ïðå äñòàâëåíà íà ðèñ. 1.

Â òàáë. 1 è 2 ïðåäñòàâëåíû çíà÷åíèÿ äâóìåðíûõ âàðèàöèé, èçìå ðåííûõ äëÿ òåñòîâûõ
èçîáðàæåíèé íà ðèñ. 1. Äâóìåðíûå âàðèàöèè Àðöåëà ( A), Òîíåëëè ( T), Ïüåðïîíòà ( P),
Âèòàëè (V), Ôðåøå (F ), Õàðäè (H ), Êðîíðîäà ( K -w1 è K -w2) âû÷èñëÿëèñü ñîãëàñíî ôîð-
ìóëàì (2)�(6) è (9). Ïðèâåäåíû òàêæå ñîîòâåòñòâóþùèå ïîêàç àòåëè ðàçìåðîâ îáúåêòîâ ( d)
ñîãëàñíî (10) è çíà÷åíèÿ ýíòðîïèè ( E).

Êàê âèäíî, çíà÷åíèÿ îäíèõ è òåõ æå âàðèàöèé äëÿ ðåàëüíûõ èçîá ðàæåíèé ìîãóò ðàçëè-
÷àòüñÿ â íåñêîëüêî ðàç, òîãäà êàê çíà÷åíèÿ ýíòðîïèè îòëè÷àþ òñÿ î÷åíü ìàëî. Ýòî ïîäòâåð-
æäàåò ñäåëàííûé ðàíåå âûâîä, ÷òî ýíòðîïèÿ íå ÿâëÿåòñÿ ïîäõî äÿùåé îöåíêîé ñëîæíîñòè
èçîáðàæåíèÿ. Ñðàâíåíèå çíà÷åíèé âàðèàöèé â òàáë. 1 è 2 äåìîí ñòðèðóåò äîñòàòî÷íî òî÷-
íîå ñîâïàäåíèå âàðèàöèé Àðöåëà/Òîíåëëè ( A=T) è âòîðîé âàðèàöèè Êðîíðîäà ( K -w2) äëÿ
âñåõ èçîáðàæåíèé.

Äëÿ ñèíòåçèðîâàííûõ èçîáðàæåíèé ( æ ) è (ç) çíà÷åíèÿ âàðèàöèé è ýíòðîïèè îêàçû-
âàþòñÿ ñóùåñòâåííî îòëè÷àþùèìèñÿ îò ñîîòâåòñòâóþùèõ çíà÷ åíèé äëÿ ðåàëüíûõ èçîá-
ðàæåíèé. Îáúÿñíÿåòñÿ ýòî òåì, ÷òî äàííûå èçîáðàæåíèÿ ÿâëÿþ òñÿ êóñî÷íî-ïîñòîÿííûìè
è íå ñîäåðæàò øóìà è ìåëêèõ äåòàëåé. Äîáàâëåíèå æå äàæå íåáîëüøîãî øóìà, êîòîðûé
îáîçíà÷åí ñîñòàâëÿþùåé � (i; j ) â (14), ðåçêî ìåíÿåò çíà÷åíèÿ îöåíîê è äåëàåò èõ ìàëî îòëè-
÷èìûìè îò òåõ, êîòîðûå áûëè ïîëó÷åíû äëÿ ðåàëüíûõ èçîáðàæåí èé. Ýòî äåìîíñòðèðóåòñÿ
â ïîñëåäíåé ñòðîêå òàáë. 1, ñîîòâåòñòâóþùåé èçîáðàæåíèþ (ç), èñêàæåííîìó àääèòèâíûì
ãàóññîâûì øóìîì ñ � = 2 ãðàäàöèè ÿðêîñòè. Áîëåå ïîäðîáíî ðåçóëüòàòû äîáàâëåíèÿ øó ìà
è ôèëüòðàöèè ðàññìàòðèâàþòñÿ íèæå.

9 Âëèÿíèå øóìà íà îöåíêó ñëîæíîñòè èçîáðàæåíèÿ
Äëÿ îïðåäåëåíèÿ âëèÿíèÿ øóìà íà îöåíêó ñëîæíîñòè èçîáðàæåí èÿ áûëî âûáðàíî

ñèíòåçèðîâàííîå èçîáðàæåíèå ñ êóñî÷íî-ïîñòîÿííûìè îáúåê òàìè ðàçíûõ ðàçìåðîâ è êîí-
òðàñòà (ñì. ðèñ. 1,æ ). Íà íåãî íàíîñèëñÿ íîðìàëüíî ðàñïðåäåëåííûé àääèòèâíûé ø óì
N (0; � 2) ñ âåëè÷èíîé ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ (ÑÊÎ) � = 1, 2, 3 è 5 ãðàäà-
öèé ÿðêîñòè. Ïîëó÷åííûå çíà÷åíèÿ ðàçëè÷íûõ äâóìåðíûõ âàðè àöèé, ïîêàçàòåëÿ ðàçìåðîâ
îáúåêòîâ ( d) è ýíòðîïèè ( E) ïðåäñòàâëåíû ãðàôè÷åñêè íà ðèñ. 2, à è 2, á, à ÷èñëåííî �
â òàáë. 2.
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Òàáëèöà 2 Çíà÷åíèÿ äâóìåðíûõ âàðèàöèé, ïîêàçàòåëÿ ðàçìåðîâ îáúåêòî â (d), ýíòðîïèè ( E) è èõ
çàâèñèìîñòè îò óðîâíÿ øóìà äëÿ èçîáðàæåíèÿ íà ðèñ. 1, æ

Øóì, ãðàäàöèè ÿðêîñòè A=T P V=F=H K � w1 K � w2 d E
� = 0 1160,50 1021,17 528,25 11,34 1160,48 25,58 3,11
� = 1 1641,15 1327,58 909,12 110,27 1644,71 3,73 5,06
� = 2 2198,37 1696,72 1303,17 210,29 2204,56 2,62 5,94
� = 3 2758,17 2072,65 1697,21 309,89 2766,76 2,23 6,43
� = 5 3867,95 2816,74 2487,14 511,75 3892,58 1,90 7,01

Èç ïðèâåäåííûõ äàííûõ è ãðàôèêîâ ìîæíî ñäåëàòü ñëåäóþùèå âû âîäû: (à) ñ óâåëè-
÷åíèåì óðîâíÿ øóìà (äëÿ âûáðàííîãî äèàïàçîíà øóìîâ) çíà÷åí èÿ âñåõ âàðèàöèé ðàñòóò
ïðàêòè÷åñêè ëèíåéíî; (á) ïîêàçàòåëü ðàçìåðîâ îáúåêòîâ ( d) ñíà÷àëà ðåçêî ïàäàåò, çàòåì
óáûâàåò ìåäëåííî, ñòðåìÿñü ê ïðåäåëüíîìó çíà÷åíèþ 1; (â) ýí òðîïèÿ ( E) àñèìïòîòè÷åñêè
âîçðàñòàåò äî ïðåäåëüíîãî çíà÷åíèÿ 8, ðàâíîãî ÷èñëó áèòîâ â äâîè÷íîé çàïèñè çíà÷åíèé
ÿðêîñòè; (ã) â ïîäòâåðæäåíèå ñêàçàííîìó âûøå çíà÷åíèÿ âàðè àöèé Àðöåëà/Òîíåëëè ( A/ T)
è âòîðîé âàðèàöèè Êðîíðîäà ( K � w2) ñ áîëüøîé ñòåïåíüþ òî÷íîñòè ñîâïàäàþò.

(à) Çíà÷åíèÿ âàðèàöèé (á) Ïîêàçàòåëü ðàçìåðîâ îáúåêòîâ è ýíòðîïèÿ

Ðèñ. 2 Çàâèñèìîñòü âàðèàöèé (Variation ), ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ ( d) è ýíòðîïèè ( E) îò
âåëè÷èíû íàíåñåííîãî ãàóññîâà øóìà ( � , ãðàäàöèè ÿðêîñòè) äëÿ èçîáðàæåíèÿ íà ðèñ. 1, æ

10 Âëèÿíèå ñãëàæèâàíèÿ íà îöåíêó ñëîæíîñòè èçîáðàæåíèÿ
Äëÿ èññëåäîâàíèÿ èçìåíåíèé îöåíêè ñëîæíîñòè èçîáðàæåíèÿ ï ðè ñãëàæèâàíèè áûëî

ñôîðìèðîâàíî êóñî÷íî-ïîñòîÿííîå èçîáðàæåíèå ñ ìíîæåñòâî ì îáúåêòîâ ðàçíûõ ðàçìåðîâ
è êîíòðàñòà îòíîñèòåëüíî ôîíà (ñì. ðèñ. 1, ç). Èçîáðàæåíèå èñêàæàëîñü àääèòèâíûì ãàóñ-
ñîâûì øóìîì ñ � = 5 ãðàäàöèé ÿðêîñòè, ïîñëå ÷åãî äëÿ óäàëåíèÿ øóìà è âîññòàíîâë åíèÿ
èçîáðàæåíèÿ ïðèìåíÿëèñü ñãëàæèâàþùèå àëãîðèòìû ëîêàëüíî ãî ñðåäíåãî è ëîêàëüíîé
ìåäèàíû [19], à òàêæå àëãîðèòì äåêîìïîçèöèè èçîáðàæåíèÿ [2 2].

Àëãîðèòìû ñãëàæèâàíèÿ ôîðìóëèðóþòñÿ ñëåäóþùèì îáðàçîì. Î ïðåäåëÿåòñÿ ôðàã-
ìåíò àíàëèçà R(i; j ) ðàçìåðàìè L� L ñ öåíòðîì â òî÷êå (i; j ). Ëîêàëüíîå ñðåäíåå ïî òî÷-
êàì (m; n) ôðàãìåíòà R(i; j ) çàäàåòñÿ ôîðìóëîé:



Ï. À. ×î÷èà 1672

Òàáëèöà 3 Çíà÷åíèÿ ÑÊÎ, äâóìåðíûõ âàðèàöèé ( K � w1 è K � w2), ïîêàçàòåëÿ ðàçìåðîâ îáúåê-
òîâ ( d) è ýíòðîïèè

• Âèä èçîáðàæåíèÿ ÑÊÎ K � w1 K � w2 d Ýíòðîïèÿ
1 Èñõîäíîå 0,00 33,13 811,87 6,13 0,58
2 Ñ øóìîì, � = 5 ãðàäàöèé ÿðêîñòè 5,00 533,71 3644,04 1,71 4,93
3 Ëîêàëüíîå ñðåäíåå 19,30 8,83 463,95 13,13 4,08
4 Ëîêàëüíàÿ ìåäèàíà 20,26 6,80 253,46 10,51 2,09
5 Äåêîìïîçèöèÿ (1 èòåðàöèÿ) 0,64 36,55 872,95 5,97 1,68
6 Äåêîìïîçèöèÿ (3 èòåðàöèè) 0,63 32,89 822,22 6,25 1,62

A f (i; j ) =
1

L2

X

(m;n )2 R(i;j )

f (m; n) : (15)

Ëîêàëüíàÿ ìåäèàíà ïî ìíîæåñòâó òî÷åê òîãî æå ôðàãìåíòà çàïè ñûâàåòñÿ êàê

M f (i; j ) = medf f (m; n) j (m; n) 2 R(i; j )g: (16)

Ñîãëàñíî ìíîãîêîìïîíåíòíîìó ïðåäñòàâëåíèþ (14), èçîáðàæ åíèå f (i; j ) ïðåäñòàâëÿåò
ñîáîé ñóììó êóñî÷íî-ãëàäêîé êîìïîíåíòû S(i; j ) è òåêñòóðíî-øóìîâîé êîìïîíåíòû � (i; j ),
íåñóùåé èíôîðìàöèþ î òåêñòóðå, ìåëêèõ äåòàëÿõ è øóìå. Äåêîì ïîçèöèÿ [22] èìååò öåëüþ
ðàçäåëåíèå èçîáðàæåíèÿf (i; j ) íà óêàçàííûå êîìïîíåíòû. Èç íèõ â äàííîì ñëó÷àå íàñ èí-
òåðåñóåò ñãëàæåííàÿ êîìïîíåíòà S(i; j ). Àëãîðèòì çàêëþ÷àþòñÿ â òîì, ÷òî äëÿ êàæäîé
òî÷êè èçîáðàæåíèÿ (i; j ) ïðîèçâîäèòñÿ ïîñëåäîâàòåëüíûé ëîêàëüíûé àíàëèç ñíà÷àëà ï î
âíóòðåííåé îêðåñòíîñòè r (i; j ) ìàëîãî ðàçìåðà l� l , à çàòåì ïî îêðóæàþùåìó åå ôðàã-
ìåíòó R(i; j ) áîëüøîãî ðàçìåðà L� L (r � R; l < L ). Äëÿ àíàëèçà ìíîæåñòâà çíà÷åíèé
ýëåìåíòîâ, ïîïàäàþùèõ â ñîîòâåòñòâóþùèå ôðàãìåíòû r (i; j ) è R(i; j ), èñïîëüçóþòñÿ ìå-
òîäû, îñíîâàííûå íà ïîðÿäêîâûõ ñòàòèñòèêàõ. Ïðèìåíÿåìûå ì åòîäû áëèçêè èçâåñòíîìó
ñèãìà-ôèëüòðó [23], êîòîðûé â ñâîþ î÷åðåäü ÿâëÿåòñÿ ÷àñòíû ì ñëó÷àåì ïàðçåíîâñêîãî
îêíà [24]. Ïîäðîáíî àëãîðèòì äåêîìïîçèöèè îïèñàí â [22, 25] .

Ðåçóëüòàòû ïðåîáðàçîâàíèé â âèäå çíà÷åíèé äâóìåðíûõ âàðèà öèé w1 è w2, à òàêæå
ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ d ïðèâåäåíû â òàáë. 3. Ñòðîêà 1 ñîîòâåòñòâóåò ýòàëîí-
íîìó èçîáðàæåíèþ; 2 � èñêàæåííîìó øóìîì. Îñòàëüíûå ñòðîêè î òðàæàþò ðåçóëüòàòû
ôèëüòðàöèè çàøóìëåííîãî èçîáðàæåíèÿ ðàçëè÷íûìè àëãîðèòì àìè ñãëàæèâàíèÿ ïðè îäè-
íàêîâîì ðàçìåðå ôðàãìåíòà àíàëèçà ( 15� 15 ýëåìåíòîâ): 3 � ëîêàëüíîå ñðåäíåå (15); 4 �
ëîêàëüíàÿ ìåäèàíà (16); 4 � ñãëàæåííàÿ êîìïîíåíòà S(i; j ) â (14) ïîñëå îäíîé èòåðàöèè
äåêîìïîçèöèè; 5 � ñãëàæåííàÿ êîìïîíåíòà S(i; j ) ïîñëå 3 èòåðàöèé äåêîìïîçèöèè. Îñòàëü-
íûå çíà÷åíèÿ âàðèàöèé è ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ, ïîëó ÷àåìûå ïðè èñïîëüçîâàíèè
ôðàãìåíòîâ ñãëàæèâàíèÿ äðóãèõ ðàçìåðîâ, ïðåäñòàâëåíû ãðà ôè÷åñêè íà ðèñ. 3 è 4.

Íà ðèñ. 3 è 4 ïîêàçàíû çàâèñèìîñòè ïåðâîé è âòîðîé âàðèàöèé Êð îíðîäà ( w1 è w2),
à òàêæå ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ (d) è ÑÊÎ ðåçóëüòàòà ôèëüòðàöèè îò íåèñêàæåííî-
ãî îðèãèíàëà â çàâèñèìîñòè îò ðàçìåðîâ ôðàãìåíòà ñãëàæèâàí èÿ (âåëè÷èíà � èçìåíÿåòñÿ
îò 3� 3 äî 15� 15 ýëåìåíòîâ) äëÿ ðåçóëüòàòîâ ôèëüòðàöèè àëãîðèòìàìè ëîêàëü íîãî ñðåä-
íåãî (Mean), ëîêàëüíîé ìåäèàíû (Median) è äåêîìïîçèöèè (De comp).

Àíàëèçèðóÿ ïîëó÷åííûå ðåçóëüòàòû, îòìåòèì ñëåäóþùåå.

1. Ñ óâåëè÷åíèåì ðàçìåðîâ ôðàãìåíòà ñãëàæèâàíèÿ çíà÷åíèÿ ï åðâîé (w1) è âòîðîé ( w2)
âàðèàöèé Êðîíðîäà, à òàêæå ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ ( d) äëÿ àëãîðèòìà äåêîì-
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(à) Ïåðâàÿ âàðèàöèÿ ( K � w1) (á) Âòîðàÿ âàðèàöèÿ ( K � w2)

Ðèñ. 3 Çàâèñèìîñòü ïåðâîé ( K � w1) è âòîðîé ( K � w2) âàðèàöèé Êðîíðîäà îò ðàçìåðîâ ôðàãìåíòà
ñãëàæèâàíèÿ (� )

(à) Ïîêàçàòåëü ðàçìåðîâ îáúåêòîâ ( d) (á) Ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå ( � )

Ðèñ. 4 Èçìåíåíèå ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ ( d) è ÑÊÎ ( � ) ðåçóëüòàòà ôèëüòðàöèè îò íåèñ-
êàæåííîãî îðèãèíàëà â çàâèñèìîñòè îò ðàçìåðîâ ôðàãìåíòà ñã ëàæèâàíèÿ ( � )

ïîçèöèè ñòðåìÿòñÿ ê ïîñòîÿííûì çíà÷åíèÿì, â òî âðåìÿ êàê äëÿ àëãîðèòìîâ ëîêàëüíî-
ãî ñðåäíåãî è ëîêàëüíîé ìåäèàíû îíè ëèáî ñòðåìÿòñÿ ê íóëþ, ëè áî âîçðàñòàþò ïî÷òè
ëèíåéíî (ñì. ðèñ. 3 è 4, à).

2. Òî÷íîñòü âîññòàíîâëåíèÿ èçîáðàæåíèÿ, èñêàæåííîãî øóìî ì, ïðè èñïîëüçîâàíèè àëãî-
ðèòìà äåêîìïîçèöèè âîçðàñòàåò ñ óâåëè÷åíèåì ðàçìåðà ôðàãì åíòà ñãëàæèâàíèÿ è ÷èñ-
ëà èòåðàöèé, à àëãîðèòìû ëîêàëüíîãî ñðåäíåãî èëè ëîêàëüíîé ìåäèàíû ïðè ýòîì äàþò
âñå áîëåå îòëè÷àþùèåñÿ îò îðèãèíàëà ðåçóëüòàòû (ñì. òàáë. 3è ðèñ. 4, á).

3. Çíà÷åíèÿ âàðèàöèé (w1 è w2) è ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ ( d) â ðåçóëüòàòå äåêîì-
ïîçèöèè âîçâðàùàþòñÿ ê çíà÷åíèÿì, áëèçêèì òåì, êîòîðûå ñîî òâåòñòâóþò èñõîäíîìó
íåèñêàæåííîìó èçîáðàæåíèþ (ñì. òàáë. 3). Òî, ÷òî äàííûå çíà ÷åíèÿ âûõîäÿò íà ïëà-
òî îäíîâðåìåííî ñ àñèìïòîòè÷åñêèì ïðèáëèæåíèåì ê íóëþ âåëè ÷èíû îòêëîíåíèÿ îò
îðèãèíàëà (ñì. ðèñ. 4, á), ãîâîðèò î ñòàáèëèçàöèè ðåçóëüòàòà ïðåîáðàçîâàíèÿ âáëèçè
èñõîäíîãî íåèñêàæåííîãî èçîáðàæåíèÿ.

4. Ñòðåìëåíèå äëÿ îáû÷íûõ âàðèàíòîâ ñãëàæèâàíèÿ çíà÷åíèé w1 è w2 ê íóëþ, à çíà÷å-
íèé d ê âîçðàñòàíèþ îçíà÷àåò óìåíüøåíèå ñëîæíîñòè èçîáðàæåíèÿ, ÷òî ãîâîðèò î ðàç-
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ðóøåíèè ñèãíàëà èçîáðàæåíèÿ. Âûõîä òåõ æå çíà÷åíèé íà ïëàòî â ñëó÷àå àëãîðèòìà
äåêîìïîçèöèè îçíà÷àåò, ÷òî îñíîâíàÿ ñòðóêòóðà äåòàëåé èçî áðàæåíèÿ ñîõðàíÿåòñÿ.

5. Ìàëîå çíà÷åíèå ýíòðîïèè (2,09) â ñòðîêå 4 òàáë. 3 îáúÿñíÿå òñÿ îñîáåííîñòüþ ìåäèàííîé
ôèëüòðàöèè ñèãíàëà, èìåþùåãî îãðàíè÷åííîå ÷èñëî çíà÷åíèé .
Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ñäåëàòü âûâîä, ÷òî ïðè óñë îâèè ñïðàâåäëèâîñòè

ìîäåëè [16] âûáðàííàÿ ñîâîêóïíîñòü çíà÷åíèé w1 è d äîñòàòî÷íî õîðîøî îòðàæàåò ìîð-
ôîëîãè÷åñêóþ ñòðóêòóðó èçîáðàæåíèÿ, â ÷àñòíîñòè òàêèå âàæíûå ïàðàìåòðû, êàê ÷èñëî,
ðàçìåðû è çàìåòíîñòü äåòàëåé èçîáðàæåíèÿ, è ïîýòîìó ìîæåò ÿ âëÿòüñÿ îöåíêîé ñëîæ-
íîñòè èçîáðàæåíèÿ. Îïðåäåëÿåìàÿ òàêèì ñïîñîáîì õàðàêòåðè ñòèêà ìîæåò áûòü èñïîëüçî-
âàíà â êà÷åñòâå îöåíêè ñëîæíîñòè èçîáðàæåíèÿ, íàïðèìåð êàê ñòàáèëèçèðóþùèé ôóíê-
öèîíàë ïðè ðåøåíèè çàäà÷ âîññòàíîâëåíèÿ ñèãíàëà.

11 Çàêëþ÷åíèå
Èññëåäîâàíà âîçìîæíîñòü îöåíêè ñëîæíîñòè èçîáðàæåíèÿ ïðè ïîìîùè äâóìåðíûõ âà-

ðèàöèé. Ïîêàçàíà ðåäóêöèÿ ìíîãîìåðíûõ âàðèàöèé íåïðåðûâí ûõ ôóíêöèé ê äâóìåðíûì
äèñêðåòíûì ôóíêöèÿì. Â äàííîì êîíòåêñòå ïðîâåäåíî ñðàâíåí èå ðàçëè÷íûõ äâóìåðíûõ
âàðèàöèé; ïîäòâåðæäåíî ïðåèìóùåñòâî èñïîëüçîâàíèÿ äâóìå ðíîé âàðèàöèè Êðîíðîäà. Íà
îñíîâå äâóìåðíûõ âàðèàöèé ââåäåíà õàðàêòåðèñòèêà, ñîîòâåòñòâóþùàÿ ñðåäíåìó çíà÷å-
íèþ ïåðèìåòðîâ äåòàëåé íà èçîáðàæåíèè. Ïðåäëîæåíà ìîäèôèê àöèÿ äàííîé õàðàêòåðè-
ñòèêè, íàçâàííàÿ ïîêàçàòåëü ðàçìåðîâ îáúåêòîâ .

Ïðîàíàëèçèðîâàíû èçìåíåíèÿ çíà÷åíèé âàðèàöèé ïðè ðàçëè÷í ûõ òðàíñôîðìàöèÿõ
èçîáðàæåíèÿ. Òåîðåòè÷åñêèå âûâîäû ïîäòâåðæäåíû ýêñïåðèì åíòàëüíûìè èññëåäîâàíè-
ÿìè. Ïðîäåìîíñòðèðîâàíî âëèÿíèå ïðåîáðàçîâàíèé íà ñëîæíî ñòü èçîáðàæåíèÿ, êîòîðàÿ
èíòåðïðåòèðóåòñÿ êàê õàðàêòåðèñòèêà, îòðàæàþùàÿ ÷èñëî, ðàçìåðû è çàìåòíîñòü äåòàëåé
íà èçîáðàæåíèè. Ïîêàçàíî, ÷òî îáû÷íûå âàðèàíòû ñãëàæèâàíè ÿ ïðèâîäÿò ê ðàçðóøåíèþ
ñèãíàëà èçîáðàæåíèÿ, à àëãîðèòì äåêîìïîçèöèè ñîõðàíÿåò îñ íîâíóþ ñòðóêòóðó äåòàëåé
èçîáðàæåíèÿ.

Ïðåäëîæåí âàðèàíò ðåäóêöèè äâóõ çíà÷åíèé âàðèàöèé ê åäèíñòâåííîìó îáîáùåííîìó
ôóíêöèîíàëó, êîòîðûé ìîæåò èñïîëüçîâàòüñÿ â êëàññè÷åñêèõ îïòèìèçàöèîííûõ ñõåìàõ.

Ïðîâåäåííûå èññëåäîâàíèÿ ïîäòâåðæäàþò, ÷òî êîìáèíàöèÿ ïî êàçàòåëÿ ÷èñëà îáúåê-
òîâ w1 è ïîêàçàòåëÿ ðàçìåðîâ îáúåêòîâ d îòðàæàåò ìîðôîëîãè÷åñêóþ ñòðóêòóðó èçîáðà-
æåíèÿ è ìîæåò ñëóæèòü îöåíêîé åãî ñëîæíîñòè.

Ëèòeðàòóðà
[1] Wang Z., Bovik A. C., Sheikh H. R., Simoncelli E. P. Image quality assessment: From error

visibility to structural similarity // IEEE Trans. Image Pr oc., 2004. Vol. 13. No. 4. P. 600�612.

[2] Wang Z., Bovik A. C. Modern image quality assessment. � New York, NY, USA: Morgan and
Claypool, 2006. 156 p.

[3] Yu H., Winkler S. Image complexity and spatial information // 5th Workshop (I nternational) on
Quality of Multimedia Experience (QoMEX) Proceedings. � Kl agenfurt, Austria, 2013. P. 12�17.

[4] Peters R. A., Strickland R. N. Image complexity metrics for automatic target recognizers//
Automatic Target Recognizer System and Technology Conference. � Silver Spring, MD, 1990.
P. 30�31.

[5] Ìèëþêîâà Î. Ï. Èçîáðàæåíèå êàê ôóíêöèÿ ñ îãðàíè÷åííîé ïîëíîé âàðèàöèåé // Èêîíèêà.
Öèôðîâàÿ îáðàáîòêà âèäåîèíôîðìàöèè, 2004. � Ì.: Íàóêà, 198 9. Ñ. 19�25.

[6] Adams Ñ. R., Clarkson J. A. On de�nitions of bounded variation for functions of two vari ables //
Trans. Am. Math. Soc., 1933. Vol. 36. P. 824.



Äâóìåðíûå âàðèàöèè êàê ñðåäñòâî îöåíèâàíèÿ ñëîæíîñòè èçîá ðàæåíèé 1675

[7] Êðîíðîä À. Ñ. Î ôóíêöèÿõ äâóõ ïåðåìåííûõ // ÓÌÍ, 1950. Ò. 5. •1. Ñ. 24�134.

[8] Âèòóøêèí À. Ã. Î ìíîãîìåðíûõ âàðèàöèÿõ. � Ì.: Ãîñòåõèçäàò, 1955. 220 ñ.

[9] Èâàíîâ Ë. Ä. Âàðèàöèè ìíîæåñòâ è ôóíêöèé. � Ì.: Íàóêà, 1975. 352 ñ.

[10] Chochia P. A., Milukova O. P. Two-dimensional variation and image decomposition // 6th
Workshop (International) on Image Processing and ComputerOptics (DIP-97) Proceedings SPIE,
1998. Vol. 3346. P. 329�339.

[11] Ìèëþêîâà Î. Ï., ×î÷èà Ï. À. Îá îöåíêå ñëîæíîñòè èçîáðàæåíèé ñ ïîìîùüþ äâóìåðíûõ âà-
ðèàöèé // Èíôîðìàöèîííûå ïðîöåññû, 2012. Ò. 12. •4. Ñ. 362�3 71.

[12] ×î÷èà Ï. À., Ìèëþêîâà Î. Ï. Ñðàâíåíèå äâóìåðíûõ âàðèàöèé â êîíòåêñòå îöåíêè ñëîæíîñòè
äèñêðåòíûõ èçîáðàæåíèé // Èíôîðìàöèîííûå ïðîöåññû, 2015. Ò. 15. •2. Ñ. 169�182.

[13] Âàðàêèí Ë. Å. Òåîðèÿ ñëîæíûõ ñèãíàëîâ. � Ì.: Ñîâåòñêîå ðàäèî, 1970. 376 ñ.

[14] Âèòóøêèí À. Ã. Îöåíêà ñëîæíîñòè çàäà÷è òàáóëèðîâàíèÿ. � Ì.: Ôèç.-ìàò. ëèò ., 1959. 228 ñ.

[15] Êîëìîãîðîâ À. Í. Òðè ïîäõîäà ê îïðåäåëåíèþ ïîíÿòèÿ ¾êîëè÷åñòâî èíôîðìàöèè¿ // Ïðîá-
ëåìû ïåðåäà÷è èíôîðìàöèè, 1965. Ò. 1. Âûï. 1. Ñ. 3�11.

[16] ×î÷èà Ï. À. Äâóõìàñøòàáíàÿ ìîäåëü èçîáðàæåíèÿ // Êîäèðîâàíèå è îáðàáî òêà èçîáðàæå-
íèé. � Ì.: Íàóêà, 1988, Ñ. 69�87.

[17] Ìàòåìàòè÷åñêàÿ ýíöèêëîïåäèÿ. Ò. 1�5. � Ì.: Ñîâåòñêàÿ ý íöèêëîïåäèÿ, 1977.

[18] Pierpont J. Lectures on the theory of functions of real variables. � New York, NY, USA: Dover
Publications, 1959. Vol. 1. 554 p.

[19] Ãîíñàëåñ Ð., Âóäñ Ð.Öèôðîâàÿ îáðàáîòêà èçîáðàæåíèé. � Ì.: Òåõíîñôåðà, 2012.

[20] Òèõîíîâ À. Í., Àðñåíèí Â. ß. Ìåòîäû ðåøåíèÿ íåêîððåêòíûõ çàäà÷. � Ì.: Íàóêà, 1979. 285 ñ.

[21] Rudin L. I., Osher S., Fatemi E. Nonlinear total variation based noise removal algorithms //
Physica D Nonlinear Phenomena, 1992. Vol. 60. P. 259�268.

[22] ×î÷èà Ï. À. Ñãëàæèâàíèå èçîáðàæåíèÿ ïðè ñîõðàíåíèè êîíòóðîâ // Êîäèðî âàíèå è îáðà-
áîòêà èçîáðàæåíèé. � Ì.: Íàóêà, 1988. Ñ. 87�98.

[23] Lee J.�S Digital image smoothing and the sigma �lter // Computer Visi on Graphics Image Proc.,
1983, Vol. 24. No. 2. P. 255�269.

[24] Parzen E. On the estimation of a probability density function and mode // Ann. Math. Stat.,
1962. Vol. 33. P. 1065�1076.

[25] ×î÷èà Ï. À. Ïåðåõîä îò 2D- ê 3D-èçîáðàæåíèÿì: ìîäèôèêàöèÿ äâóõìàñøòàá íîé ìîäåëè è àë-
ãîðèòìîâ îáðàáîòêè // Èíôîðìàöèîííûå ïðîöåññû, 2014. Ò. 14 . •3. Ñ. 242�255.

Ïîñòóïèëà â ðåäàêöèþ 25.05.2015
References
[1] Wang, Z., A. C. Bovik, H. R. Sheikh, and E. P. Simoncelli. 2004. Image quality assessment: From

error visibility to structural similarity. IEEE Trans. Image Proc. 13(4):600{612.

[2] Wang, Z., and A. C. Bovik. 2006.Modern image quality assessment. New York, NY: Morgan and
Claypool. 156 p.

[3] Yu, H., and S. Winkler. 2013. Image complexity and spatial information. 5th Workshop (Inter-
national) on Quality of Multimedia Experience (QoMEX) . Klagenfurt, Austria. 12{17.

[4] Peters, R. A., and R. N. Strickland. 1990. Image complexity metrics for automatic target rec-
ognizers.Automatic Target Recognizer System and Technology Conference. Silver Spring, MD.
30{31.

[5] Milukova O. P. 2004. Izobrazenie kak funktsiya s ogranichennoy polnoy vaeiatsiey [Image as a func-
tion with limited total variation]. Ikonika. Tsifrovaya obrabotka videoinformatsii [Iconika. Digital
processing of video information]. Moscow: Nauka. 19{25.



Ï. À. ×î÷èà 1676

[6] Adams, C. R., and J. A. Clarkson. 1933. On de�nitions of bounded variation for functions of two
variables. Trans. Am. Math. Soc. 36:824.

[7] Kronrod, A. S. 1950. O funktsiyakh dvukh peremennykh [About two-variable functions]. Uspekhi
matematicheskikh nauk 5(1):24{134.

[8] Vitushkin, A. G. 1955. O mnogomernykh variatsiyakh [About multidimensional variations].
Moscow: Gostekhizdat. 220 p. (In Russian.)

[9] Ivanov, L. D. 1975. Variatsii mnozestv i funktsiy [Variations of sets and functions]. Moscow:
Nauka. 352 p. (In Russian).

[10] Chochia, P. A., and O. P. Milukova. 1998. Two-dimensional variation and image decomposition.
6th Workshop (International) on Image Processing and Computer Optics (DIP-97) Proceedings
SPIE. 3346:329{339.

[11] Milukova, O. P., and P. A. Chochia. 2013. On estimation of the image complexity by two-
dimensional variations. J. Communications Thechnology Electronics. 58(6):628{635.

[12] Chochia, P. A., and O. P. Milukova. 2015. Sravnenie dvumetnykh variatsiy v kontekste otsenki
sloznosti diskretnykh izobrazeniy [Comparison of two-variable variations in a context of image
complexity assessment].Informatsionnye protsessy15(2):169{182.

[13] Varakin, L. E. 1970. Teoriya sloznykh signalov [The theory of complex sygnals]. Moscow: Sovet-
skoe Radio. 376 p. (In Russian.)

[14] Vitushkin, A. G. 1959. Otsenka sloznosti zadachi tabulirovaniya[The assesment of tabulation task
complexity]. Moscow: Fiz.-mat. lit. 228 p. (In Russian.)

[15] Kolmogorov, A. N. 1965.Tri podkhoda k opredeleniyu ponyatiya \kolichestvo inform atsii" [Three
approaches to di�nition of the \information quantity" conc eption]. Problems Information Trans-
mission 1(1):3{11.

[16] Chochia, P. A. 1988. Dvukhmasshtabnaya model' izibrazeniya [Two-scale image model].
Kodirovanie i obrabotka izobrazeniy [Image coding and processing]. Moscow: Nauka. 69{87.

[17] Matematicheskaya entsiklopediya[Mathematical encyclopedia]. 1977. Moscow: Sovetskaya entsik-
loprdiya. Vols. 1{5.

[18] Pierpont, J. 1959. Lectures on the theory of functions of real variables. New York, NY: Dover
Publications. Vol. 1. 554 p. (In Russian.)

[19] Gonzalez, R. C., and R. E. Woods. 2008.Digital image processing. Reading, Mass.: Addison-
Wesley. 954 p.

[20] Tikhonov, A. N., and V. Ya. Arsenin. 1979.Metody resheniya nekorrektnykh zadach[The methods
for ill-posed problems decision]. Moscow: Nauka. 285 p. (InRussian.)

[21] Rudin, L. I., S. Osher, and E. Fatemi. 1992. Nonlinear total variation based noise removal algo-
rithms. Physica D Nonlinear Phenomena60:259{268.

[22] Chochia, P. A. 1988. Sglazivanie izobrazeniy pri sokhranenii konturov [Image smoothing under
preservation of contours]. Kodirovka i obrabotka izobrazeniy [Image coding and processing].
Moscow: Nauka. 87{98.

[23] Lee, J.-S. 1983. Digital image smoothing and the sigma �lter. Computer Vision Graphics Image
Processing24(2):255{269.

[24] Parzen, E. 1962. On the estimation of a probability density function and mode. Ann. Math. Stat.
33:1065{1076.

[25] Chochia, P. A. 2015. Transition from 2D- to 3D-images: Modi�cation of two-scale image model
and image processing algorithms.J. Communications Technology Electronics60(6):678{687.

Received May 25, 2015



Áûñòðûå àëãîðèòìû îáðàáîòêè èçîáðàæåíèé 1677

Áûñòðûå àëãîðèòìû îáðàáîòêè èçîáðàæåíèé
íà îñíîâå ãàììà-íîðìàëüíîé ìîäåëè ñêðûòîãî ïîëÿ �

È. À. Ãðà÷åâà, À. Â. Êîïûëîâ
gia1509@mail.ru, And.Kopylov@gmail.com

Òóëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Òóëà, Ðîññèÿ

Â ðàìêàõ áàéåñîâñêîãî ïîäõîäà ê ïðîáëåìå îáðàáîòêè èçîáðàæ åíèé çàäà÷à âîññòàíîâ-
ëåíèÿ ìîæåò áûòü âûðàæåíà êàê çàäà÷à ïîèñêà ñêðûòîé ìàðêîâñ êîé êîìïîíåíòû äâóõ-
êîìïîíåíòíîãî ñëó÷àéíîãî ïîëÿ, ðîëü íàáëþäàåìîé êîìïîíåí òû êîòîðîãî èãðàåò àíàëè-
çèðóåìîå èçîáðàæåíèå. Îäíàêî äëÿ íåêîòîðûõ òèïîâ çàäà÷ îáð àáîòêè èçîáðàæåíèé, òàêèõ
êàê óäàëåíèå òóìàíà íà èçîáðàæåíèè, ñæàòèå êîíòðàñòà HDR (h igh dynamic range) èçîá-
ðàæåíèé, âîññòàíîâëåíèå ñòðóêòóðû èçîáðàæåíèÿ, òàêàÿ ïîñ òàíîâêà çàäà÷è íå ïîäõîäèò.
Â äàííîé ðàáîòå ïðåäëàãàåòñÿ ðàñøèðåíèå ïîñòàíîâêè çàäà÷ ï ðè áàéåñîâñêîì ïîäõîäå
ê ïðîáëåìå îáðàáîòêè èçîáðàæåíèé.

Êëþ÷åâûå ñëîâà : óäàëåíèå òóìàíà íà èçîáðàæåíèè; ñæàòèå êîíòðàñòà HDR èçîáð à-
æåíèé; ãàììà-íîðìàëüíàÿ ìîäåëü ñêðûòîãî ïîëÿ
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Within the Bayesian approach, the problem of reconstruction can be expressed as the problem
of �nding the hidden Markov component of random �eld of two-c omponent, where observed
component is the analyzed image. However, for certain typesof image processing problems, such
as image haze removal, HDR (high dynamic range) image compression, structure-transferring
of image, this formulation of the problem is not the solution. In this paper, an extension of
the problem formulations at the Bayesian approach to the problem of image processing.
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1 Ââåäåíèå
Ïðåäâàðèòåëüíàÿ îáðàáîòêà ÿâëÿåòñÿ âàæíûì ýòàïîì â ðàáîòå ïðàêòè÷åñêè ëþáîé

ñèñòåìû àíàëèçà èçîáðàæåíèé èëè êîìïüþòåðíîãî çðåíèÿ. Äàí íûé ýòàï èãðàåò êëþ÷å-
âóþ ðîëü â ïîâûøåíèè êà÷åñòâà äàëüíåéøåãî àíàëèçà è èíòåðïð åòàöèè äàííûõ. Çàäà-
÷åé îáðàáîòêè èçîáðàæåíèÿ ìîæåò áûòü êàê óëó÷øåíèå (âîññòàíîâëåíèå, ðåñòàâðàöèÿ)
èçîáðàæåíèÿ ïî êàêîìó-òî îïðåäåëåííîìó êðèòåðèþ, òàê è ñïå öèàëüíîå ïðåîáðàçîâàíèå,
êàðäèíàëüíî ìåíÿþùåå èçîáðàæåíèå. Ïðèìåðàìè îáðàáîòêè èç îáðàæåíèé ìîãóò ñëóæèòü

� Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ, ïðîåêò •13 -07-00529.

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
Machine Learning and Data Analysis, 2015. Vol. 1 (12).
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ïîâûøåíèå êîíòðàñòà, ðåçêîñòè, êîððåêöèÿ öâåòîâ, ñãëàæèâàíèå, ñæàòèå êîíòðàñòà, âû-
äåëåíèå ãðàíèö îáúåêòîâ, óäàëåíèå òóìàíà èëè øóìà.

Ïðèíÿòûé â äàííîé ðàáîòå áàéåñîâñêèé ïîäõîä ÷àñòî èñïîëüçó åòñÿ êàê óíèâåðñàëü-
íûé ìåòîä äëÿ öåëîãî êëàññà çàäà÷ îáðàáîòêè èçîáðàæåíèé. Ðå çóëüòàò îáðàáîòêè â ýòîì
ñëó÷àå ìîæåò áûòü ïðåäñòàâëåí êàê ïðåîáðàçîâàíèå èñõîäíîã î èçîáðàæåíèÿ, îïðåäåëåí-
íîãî íà äèñêðåòíîì ìíîæåñòâå, âî âòîðè÷íûé ìàññèâ äàííûõ, ê îòîðûé îïðåäåëåí íà òîì
æå ìíîæåñòâå àðãóìåíòîâ è ïðèíèìàåò çíà÷åíèÿ èç íåêîòîðîãî ïîäõîäÿùåãî ìíîæåñòâà,
â çàâèñèìîñòè îò ðåøàåìîé çàäà÷è. Àíàëèçèðóåìîå èçîáðàæåí èå è ðåçóëüòàò îáðàáîòêè
â ðàìêàõ äàííîãî ïîäõîäà ðàññìàòðèâàþòñÿ êàê íàáëþäàåìàÿ è ñêðûòàÿ êîìïîíåíòû äâóõ-
êîìïîíåíòíîãî ñëó÷àéíîãî ïîëÿ. Ãàììà-íîðìàëüíàÿ ìîäåëü ñ êðûòîãî ïîëÿ, ïðåäëîæåííàÿ
â ðàáîòå [1], õîðîøî ïîêàçàëà ñåáÿ â çàäà÷å óäàëåíèÿ øóìà íà è çîáðàæåíèè. Îäíàêî äëÿ
òàêèõ çàäà÷, êàê óäàëåíèå òóìàíà íà èçîáðàæåíèè, ñæàòèå êîíòðàñòà HDR èçîáðàæåíèé,
âîññòàíîâëåíèå ñòðóêòóðû èçîáðàæåíèÿ, äàííàÿ ïîñòàíîâêà íå ïîäõîäèò.

Â íàñòîÿùåå âðåìÿ óäàëåíèå òóìàíà ñ èçîáðàæåíèé ÿâëÿåòñÿ âà æíîé çàäà÷åé, òàê êàê
îáúåêòû íà èçîáðàæåíèÿõ, ñäåëàííûõ â óñëîâèÿõ äûìêè èëè òóì àíà, ïëîõî ðàçëè÷èìû.
Äëÿ äàëüíåéøåé ðàáîòû ñ òàêèìè èçîáðàæåíèÿìè òðåáóåòñÿ óâåëè÷èòü èõ êîíòðàñòíîñòü
è óëó÷øèòü öâåòîïåðåäà÷ó. ×àñòî òðåáóåòñÿ óëó÷øèòü êà÷åñòâî íå îäíîãî èçîáðàæåíèÿ,
à öåëîãî íàáîðà èçîáðàæåíèé, ïðè÷åì â ðåæèìå ðåàëüíîãî âðåì åíè. Ñîâðåìåííûå ìåòîäû
óäàëåíèÿ òóìàíà [2�4] ñòðîÿòñÿ íà ðàçëè÷íûõ ïðåäïîëîæåíèÿ õ î ãëóáèíå òåêñòóðû èëè
öâåòà íà èçîáðàæåíèè. Îäíàêî âñå ýòè ìåòîäû ñëèøêîì ìåäëåíí ûå è íå ìîãóò îáðàáàòû-
âàòü áîëüøèå ïîòîêè äàííûõ â ðåæèìå ðåàëüíîãî âðåìåíè.

Âèäåíèå ðåàëüíîãî ìèðà â íàøåé ïîâñåäíåâíîé æèçíè ÷àñòî èìå åò î÷åíü øèðîêèé
äèàïàçîí çíà÷åíèé ÿðêîñòè. Çðèòåëüíàÿ ñèñòåìà ÷åëîâåêà ñï îñîáíà âîñïðèíèìàòü ñöåíû
ñ äèíàìè÷åñêèì äèàïàçîíîì ñâûøå ïÿòè ïîðÿäêîâ è ìîæåò ïîñòå ïåííî àäàïòèðîâàòüñÿ
ê ñöåíàì ñ äèíàìè÷åñêèì äèàïàçîíîì ñâûøå äåâÿòè ïîðÿäêîâ. Â öèôðîâîé îáðàáîòêå
èçîáðàæåíèé òàêèå ñöåíû ïîëó÷àþòñÿ ïðè èñïîëüçîâàíèè òåõí îëîãèè HDR [5]. HDR èçîá-
ðàæåíèÿ èìåþò ìíîãî ïðåèìóùåñòâ ïî ñðàâíåíèþ ñî ñòàíäàðòíû ìè èçîáðàæåíèÿìè è ÿâ-
ëÿþòñÿ ÷ðåçâû÷àéíî ïîëåçíûìè â íåêîòîðûõ ïðèëîæåíèÿõ. Òåì íå ìåíåå îòîáðàæåíèå
HDR èçîáðàæåíèÿ ïðåäñòàâëÿåò ñîáîé ñëîæíóþ çàäà÷ó, ïîòîìó ÷òî äèíàìè÷åñêèé äèàïà-
çîí ðàçëè÷íûõ óñòðîéñòâ îòîáðàæåíèÿ (ìîíèòîðû, ïðèíòåðû è äð.) íàìíîãî ìåíüøå, ÷åì
äèíàìè÷åñêèé äèàïàçîí, îáû÷íî âñòðå÷àþùèéñÿ â ðåàëüíûõ ñö åíàõ. Òàêèì îáðàçîì, âîç-
íèêàåò çàäà÷à ñæàòèÿ HDR èçîáðàæåíèé ïðè ìàêñèìàëüíîì ñîõð àíåíèè èõ âèçóàëüíîãî
ñîäåðæèìîãî.

Â ðàìêàõ äàííîé ðàáîòû îöåíèâàíèå ñêðûòîãî ñëó÷àéíîãî ïîëÿ ïðîèñõîäèò ïî íåêî-
òîðîìó èçîáðàæåíèþ, ñïåöèôè÷íîìó äëÿ êàæäîé êîíêðåòíîé çà äà÷è. Íàïðèìåð, â çàäà÷å
óäàëåíèÿ òóìàíà â ðîëè òàêîãî èçîáðàæåíèÿ âûñòóïàåò êàðòà ð àññåèâàíèÿ, â çàäà÷å ñæà-
òèÿ êîíòðàñòà � ñëàáîêîíòðàñòíîå èçîáðàæåíèå, â çàäà÷å âîñ ñòàíîâëåíèÿ ñòðóêòóðû �
ãðóáàÿ îöåíêà ãðàíèöû. Ðåçóëüòèðóþùåå èçîáðàæåíèå ïîëó÷àåòñÿ ïóòåì óòî÷íåíèÿ ýòîãî
èñõîäíîãî èçîáðàæåíèÿ ñ ïîìîùüþ îöåíîê ïàðàìåòðîâ ìîäåëè ñ êðûòîãî ïîëÿ, íàéäåííûõ
ñ ó÷åòîì óïðàâëÿþùåãî èçîáðàæåíèÿ, â ðîëè êîòîðîãî ìîæåò âû ñòóïàòü èñõîäíîå àíàëè-
çèðóåìîå èçîáðàæåíèå.

2 Íåñòàöèîíàðíàÿ ãàììà-íîðìàëüíàÿ ìîäåëü ñêðûòîãî ñëó÷àé íî-
ãî ïîëÿ

Êàê óæå îòìå÷àëîñü ðàíåå, ïðè ðàñøèðåííîé ïîñòàíîâêè çàäà÷ è âîññòàíîâëåíèÿ èçîá-
ðàæåíèé ïðè áàéåñîâñêîì ïîäõîäå îöåíèâàíèå ñêðûòîé ìàðêîâ ñêîé êîìïîíåíòû X =
= ( xt ; t = 1; : : : ; N ), T = f t = ( t1; t2) : t1 = 1; : : : ; N1; t2 = 1; : : : ; N2g ïðîèñõîäèò íå ïî
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îäíîìó íàáëþäàåìîìó èçîáðàæåíèþ Y = ( yt ; t 2 T), êàê ýòî áûëî â çàäà÷å óäàëåíèÿ øóìà
íà èçîáðàæåíèè [1], à åùå è ïî íåêîòîðîìó èçîáðàæåíèþ Y g = ( yg

t ; t 2 T), ñïåöèôè÷íîìó
äëÿ êàæäîé êîíêðåòíîé çàäà÷è. Âåðîÿòíîñòíûå ñâîéñòâà äâóõ êîìïîíåíòíîãî ñëó÷àéíî-
ãî ïîëÿ (X; Y ) ïîëíîñòüþ îïðåäåëÿþòñÿ ñîâìåñòíîé óñëîâíîé ïëîòíîñòüþ âå ðîÿòíîñòè
�( Y jX; � ) èñõîäíîé ôóíêöèè Y = ( yt ; t 2 T) ïî îòíîøåíèþ ê ñêðûòîé ïîñëåäîâàòåëüíîñòè
X = ( xt ; t 2 T), è ñîâìåñòíûì àïðèîðíûì ðàñïðåäåëåíèåì 	( X j� ; � ) ñêðûòîé ïîñëåäîâà-
òåëüíîñòè X = ( xt ; t 2 T).

Ñîâìåñòíàÿ óñëîâíàÿ ïëîòíîñòü âåðîÿòíîñòè �( Y jX; � ) èìååò âèä Ãàóññîâñêîãî ðàñïðå-
äåëåíèÿ:

�( Y jX; � ) =
1

� N=2(2� )N=2
exp

 

�
1
2�

X

t2 T

(yt � xt )
2

!

; (1)

ãäåE(e2
t ) = � � äèñïåðñèÿ øóìà â íàáëþäåíèè, êîòîðàÿ ñ÷èòàåòñÿ íåèçâåñòí îé.

Â äàííîé ðàáîòå íå èñïîëüçóþòñÿ ïðåîáðàçîâàíèÿ, ñòàáèëèçè ðóþùèå äèñïåðñèþ òàê,
÷òîáû øóì ñòàíîâèëñÿ ïðèáëèçèòåëüíî Ãàóññîâñêèì ñ ïîñòîÿí íîé äèñïåðñèåé. Íàîáîðîò,
ïðåäïîëàãàåòñÿ, ÷òî îáùàÿ äèñïåðñèÿ íåçàâèñèìûõ êîìïîíåí ò øóìà ìîäåëè èçìåíÿåòñÿ
E(� t

2) = r t . Íåèçâåñòíûå äèñïåðñèè (r t ; t 2 T) ñ÷èòàþòñÿ ïðîïîðöèîíàëüíûìè äèñïåðñèè
øóìà â íàáëþäåíèè r t = � t � ñ êîýôôèöèåíòàìè ïðîïîðöèîíàëüíîñòè � t , äåéñòâóþùèìè
êàê ôàêòîðû íåèçâåñòíîãî ìãíîâåííîãî èçìåíåíèÿ ñêðûòîé êî ìïîíåíòû X = ( xt ; t 2 T),
êîòîðûå òàêæå íåèçâåñòíû.

Â ñîîòâåòñòâèè ñ ýòèì ïðåäïîëîæåíèåì ñîâìåñòíîå àïðèîðíîå ðàñïðåäåëåíèå îöåíîê
ñêðûòîé ïîñëåäîâàòåëüíîñòè X = ( xt ; t 2 T) óñëîâíî íîðìàëüíî ïî îòíîøåíèþ ê ïîñëåäî-
âàòåëüíîñòè ôàêòîðîâ � = ( � t ; t 2 T). Òàêèì îáðàçîì, ïðèõîäèì ê ñîâìåñòíîìó àïðèîðíî-
ìó ðàñïðåäåëåíèþ âèäà:

	( X j� ; � ) /
1

�
Q

t2 T
�� t

� 1=2

(2� )n(N � 1)=2

exp

 

�
1
2

X

t0;t002 V

1
�� t

(xt0 � xt00)2

!

;

ãäå V � ãðàô ñîñåäñòâà ýëåìåíòîâ èçîáðàæåíèÿ, èìåþùèé âèä ðå øåòêè.
Íàêîíåö, ïðåäïîëîæèì, ÷òî îáðàòíûå ôàêòîðû 1=� t äîëæíû áûòü àïðèîðè íåçàâèñèìû

è îäèíàêîâî ãàììà-ðàñïðåäåëåíû



�

1
� t

�
�
� �; �; �

�
/

�
1
� t

� (2� +1) =(2�� )

exp
�

�
�

2��
1
� t

�
;

íà ïîëîæèòåëüíîé ïîëóîñè � t > 0. Ìàòåìàòè÷åñêîå îæèäàíèå è äèñïåðñèÿ ãàììà-
ðàñïðåäåëåíèÿ âû÷èñëÿþòñÿ êàê

E
�

1
� t

�
=

(1 + � )� + 1
�

; Var
�

1
� t

�
= 2 ��

(1 + � )� + 1
� 2

:

Íåçàâèñèìûå àïðèîðíûå ðàñïðåäåëåíèÿ êàæäîãî ìãíîâåííî îá ðàáîòàííîãî ôàêòîðà
1=� t ïî÷òè ïîëíîñòüþ ñêîíöåíòðèðîâàíû âîêðóã ìàòåìàòè÷åñêîãî îæèäàíèÿ 1=� , åñëè
� ! 0. Ïðè � ! 1 êîýôôèöèåíò 1=� èìååò òåíäåíöèþ ê ïî÷òè ðàâíîìåðíîìó ðàñïðåäå-
ëåíèþ. Òàêèì îáðàçîì, ïðèõîäèì ê àïðèîðíîé ïëîòíîñòè ðàñïð åäåëåíèÿ âèäà:

G(� j�; �; � ) = exp
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�
1

2��

X

t2 T

�
�

1
� t

+
1
�

ln � t

� #

:



È. À. Ãðà÷åâà, À. Â. Êîïûëîâ 1680

Ñîâìåñòíîå àïðèîðíîå íîðìàëüíîå ãàììà-ðàñïðåäåëåíèå îáî èõ ïîñëåäîâàòåëüíîñòåé X =
= ( xt ; t 2 T) è � = ( � t ; t 2 T) èìååò âèä:

H (X; � j�; �; � ) = 	( X j� ; � )G(� j�; �; � ) :

Â ñî÷åòàíèè ñ ñîâìåñòíîé óñëîâíîé ïëîòíîñòüþ âåðîÿòíîñòè ( 1) ýòî äàåò îñíîâó äëÿ
áàéåñîâñêîãî îöåíèâàíèÿ ñêðûòîé ïîñëåäîâàòåëüíîñòè X = ( xt ; t 2 T).

Áàéåñîâñêèå îöåíêè íåçàâèñèìû îò äèñïåðñèè øóìà â íàáëþäåí èÿõ � :
8
>><

>>:

(X̂; �̂ j�; � ) = arg min X; � J (X; � jY; �; � ) ;

J (X; � jY; �; � ) =
X

t2 T

(yt � xt )
2 +

X

t0;t002 V

�
1
� t

�
(xt0 � xt00)2 +

�
�

�
+

�
1 +

1
�

�
ln � t

�
:

(2)

Ðàñòóùåå çíà÷åíèå ïàðàìåòðà � íàäåëÿåò ýòîò êðèòåðèé âûðàæåííîé ñêëîííîñòüþ
ê ñîõðàíåíèþ áîëüøèíñòâà îöåíîê ôàêòîðîâ �̂ t , íàõîäÿùèõñÿ áëèçêî ê çíà÷åíèþ � , è äî-
ïóñêàåò áîëüøèå ðàçðûâû, îòêðûâàÿ òåì ñàìûì ñêðûòûå ñîáûòè ÿ â ïåðâóþ î÷åðåäü ãëàä-
êîñòè èñõîäíîé ïîñëåäîâàòåëüíîñòè.

Óñëîâíî îïòèìàëüíûå ôàêòîðû �̂( X; �; � ) = [ �̂ t (X; �; � ); t 2 T] îïðåäåëÿþòñÿ íåçàâèñè-
ìî äðóã îò äðóãà:

�̂( X; �; � ) = arg min � J (� jX; �; � ) :
@

@�t

�
1
� t

�
(xt0 � xt00)2 +

�
�

�
+

�
1 +

1
�

�
ln � t

�
= 0 :

Íóëåâûå óñëîâèÿ äëÿ ïðîèçâîäíûõ, çà èñêëþ÷åíèåì òðèâèàëüí ûõ ðåøåíèé � t ! 1 ,
ïðèâîäÿò ê ðàâåíñòâó

�̂ t (X; �; � ) = �
(1=� )(xt0 � xt00)2 + 1=�

1 + 1=�
: (3)

Ïîäñòàíîâêà (3) â (2) äàåò ýêâèâàëåíòíóþ ôîðìó, êîòîðàÿ ïîç âîëÿåò èçáåæàòü íåìåä-
ëåííîãî íàõîæäåíèÿ ñàìèõ ôàêòîðîâ:

8
>><

>>:

(X̂; �̂ j�; � ) = arg min X; � J (X; � jY; �; � );

J (X; � jY; �; � ) =
X

t2 T

(yt � xt )
2 +

X

t0;t002 V

( �
1 +

1
�

�
ln

(1=� )(xt0 � xt00)2 + 1=�
1 + 1=�

)

:
(4)

Ðèñ. 1 ¾Ýôôåêò íàñûùåíèÿ¿ èç-çà øòðàôà ïðè äîñòàòî÷íî áîëüøîì çíà ÷åíèè ïàðàìåòðà �
è ôèêñèðîâàííîì çíà÷åíèè � = 1
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Ýòî êâàäðàòè÷íàÿ â íåïîñðåäñòâåííîé áëèçîñòè îò íóëåâîé òî ÷êè ôóíêöèÿ (xt0 � xt00)2 = 0
è îñòàåòñÿ òàêîâîé ïðàêòè÷åñêè íà âñåé ÷èñëîâîé îñè, åñëè çíà÷åíèå � äîñòàòî÷íî ìàëî,
êàê ïîêàçàíî íà ðèñ. 1. Íî ïðè ðîñòå � ïåðâîíà÷àëüíûé êâàäðàòè÷íûé øòðàô ïîäâåð-
ãàåòñÿ âñå áîëåå çàìåòíîìó âëèÿíèþ íàñûùåíèÿ íà íåêîòîðîì ð àññòîÿíèè îò íóëÿ. Ýòî
îçíà÷àåò, ÷òî êðèòåðèé ñèëüíî íàêàçûâàåò îöåíêè èñõîäíîé ô óíêöèè, íî ñòàíîâèòñÿ áîëåå
ñíèñõîäèòåëüíûì ê ðåçêèì ðàçðûâàì.

3 Àëãîðèòì óäàëåíèÿ òóìàíà íà èçîáðàæåíèè
Óäàëåíèå òóìàíà íà èçîáðàæåíèè ÿâëÿåòñÿ ïðîáëåìîé, êîòîðà ÿ òðåáóåò ìåòîäà âûâîäà

èëè ïðåäâàðèòåëüíûõ çíàíèé î ñöåíå. Êîëè÷åñòâî òóìàíà, íàá ëþäàåìîãî íà èçîáðàæåíèè,
çàâèñèò îò ðàññòîÿíèÿ îáúåêòà äî êàìåðû, äëèíû âîëíû ñâåòà è ðàçìåðà ðàññåèâàþùèõ
÷àñòèö â àòìîñôåðå. Ó÷èòûâàÿ ìåñòîïîëîæåíèå òóìàííîãî ïèê ñåëÿt 2 T íà èçîáðàæåíèè
Y = ( yt ; t 2 T), Y 2 R3, îáðàáîòàííûé ïèêñåëü èçîáðàæåíèÿ áåç òóìàíà X = ( xt ; t 2 T),
X 2 R3 ñâÿçàí ñ òóìàííîé âåðñèåé èçîáðàæåíèÿ ÷åðåç ìîäåëü àòìîñôå ðíîãî ðàññåèâà-
íèÿ [6]

yt = map txt + (1 � mapt )a ; (5)

ãäåa 2 R3 � àòìîñôåðíûé ñâåò; Map = (map t ; t 2 T), Map 2 R3, � êàðòà ñâåòîïåðåäà÷è
(ñðåäñòâî ïåðåäà÷è ÷àñòè ñâåòà, êîòîðûé íå ðàññåÿëñÿ è äîñòèã êàìåðû).

Íà÷íåì ñ ïðåäïîëîæåíèÿ î òîì, êàê îöåíèòü çíà÷åíèå àòìîñôåð íîãî ñâåòà a 2 R3.
Â áîëüøèíñòâå ìåòîäîâ óäàëåíèÿ òóìàíà ñ èçîáðàæåíèé â êà÷åñ òâå àòìîñôåðíîãî ñâåòà
èñïîëüçóåòñÿ ïèêñåëü ñ ñàìîé âûñîêîé èíòåíñèâíîñòüþ. Íî íà ðåàëüíûõ èçîáðàæåíèÿõ
ñàìûé ÿðêèé ïèêñåëü ìîæåò íàõîäèòüñÿ íà áåëîì àâòîìîáèëå èë è áåëîì çäàíèè.

Â äàííîé ðàáîòå áóäåì èñïîëüçîâàòü òåìíûé êàíàë äëÿ óëó÷øåí èÿ îöåíêè àòìîñôåð-
íîãî ñâåòà [5]. Òåìíûé êàíàë îñíîâàí íà íàáëþäåíèè î çàòåìíå íèè èñõîäíîãî èçîáðàæåíèÿ.
Èçîáðàæåíèå òåìíîãî êàíàëà êàê ðàç è áóäåò èãðàòü ðîëü äîïîë íèòåëüíîãî èçîáðàæåíèÿ
Y g = ( yg

t ; t 2 T). Äëÿ ïîëó÷åíèÿ òåìíîãî êàíàëà ðàçáèâàåì èñõîäíîå èçîáðàæå íèå íà áëî-
êè ëþáîãî ðàçìåðà (÷åì áîëüøå ðàçìåð áëîêà, òåì áîëåå çàòåìí åííûì áóäåò èçîáðàæåíèå;
îïòèìàëüíûì ÿâëÿåòñÿ ðàçìåð 5� 5). Â áîëüøèíñòâå òàêèõ áëîêîâ íåêîòîðûå ïèêñåëè, òàê
íàçûâàåìûå òåìíûå ïèêñåëè, èìåþò î÷åíü íèçêóþ èíòåíñèâíîñ òü, ïî êðàéíåé ìåðå, îäíî-
ãî èç òðåõ öâåòîâûõ êîìïîíåíò (RGB). Íèçêèå èíòåíñèâíîñòè â òåìíîì êàíàëå âîçíèêàþò
â îñíîâíîì èç-çà òðåõ ôàêòîðîâ: òåíåé; êðàñî÷íûõ ïðåäìåòîâ èëè ïîâåðõíîñòåé, êîòîðûì
íå õâàòàåò öâåòà â ëþáîì èç òðåõ öâåòîâûõ êîìïîíåíò (RGB); òå ìíûå îáúåêòû èëè ïî-
âåðõíîñòè, íàïðèìåð òåìíûé ñòâîë äåðåâà. Òàêèì îáðàçîì, äë ÿ èñõîäíîãî èçîáðàæåíèÿ
Y = ( yt ; t 2 T)

yg
t = min c2 (r;g;b)(min j 2 
( t )(yc

j )) ; (6)

ãäå Y g = ( ydark
t ; t 2 T) � òåìíûé êàíàë èçîáðàæåíèÿ Y = ( yt ; t 2 T); yc � çíà÷åíèå

öâåòîâîãî êàíàëà èçîáðàæåíèÿ Y = ( yt ; t 2 T); 
 ( t) � ëîêàëüíûé áëîê ñ öåíòðîì â t.
Ýòî íàáëþäåíèå ãîâîðèò, ÷òî â íåêîòîðîì áëîêå èíòåíñèâíîñò ü íèçêà è, êàê ïðàâèëî,

ðàâíà íóëþ, åñëè yt ïðåäñòàâëÿåò ñîáîé çàòåìíåííûé ïèêñåëü íà èñõîäíîì èçîáðà æåíèè.
Òàêèì îáðàçîì, ýòè òåìíûå ïèêñåëè ìîãóò îáåñïå÷èòü òî÷íóþ î öåíêó òóìàííûõ ïèêñåëåé
íà èçîáðàæåíèè.

Äëÿ ïîëó÷åíèÿ çíà÷åíèé àòìîñôåðíîãî ñâåòà ïî êàæäîìó èç òðå õ öâåòîâûõ êîìïîíåíò
(RGB) âûáèðàåì ïåðâûå 0,1% ñàìûõ ÿðêèõ ïèêñåëåé â òåìíîì êàí àëå. Ñðåäè ýòèõ ïèê-
ñåëåé çíà÷åíèÿ ïèêñåëåé ñ ñàìîé âûñîêîé èíòåíñèâíîñòüþ ïî ê àæäîìó èç òðåõ öâåòîâûõ
êîìïîíåíò íà èñõîäíîì èçîáðàæåíèè âûáèðàþòñÿ â êà÷åñòâå àò ìîñôåðíîãî ñâåòà. Ñëåäóåò
îòìåòèòü, ÷òî ýòè ïèêñåëè ìîãóò áûòü íå ñàìûìè ÿðêèìè íà èñõî äíîì èçîáðàæåíèè. Ýòîò
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ïðîñòîé ìåòîä, îñíîâàííûé íà òåìíîì êàíàëå, áîëåå íàäåæåí, ÷åì ìåòîä ¾ÿðêîãî ïèêñåëÿ¿.
Ñëåäóþùèì øàãîì ÿâëÿåòñÿ ïîëó÷åíèå êàðòû ñâåòîïåðåäà÷è Map = (map t ; t 2 T),

mapt = 1 � ! �̂ t ; (7)

ãäå! � êîýôôèöèåíò óðîâíÿ áåëîãî (ýìïèðè÷åñêèì ïóòåì áûëî âûÿâë åíî, ÷òî îïòèìàëü-
íîå çíà÷åíèå êîýôôèöèåíòà ! = 0;9), à �̂ t íàéäåíû ïî (3) â ðåçóëüòàòå îäíîé èòåðàöèè
ïðîöåäóðû Ãàóññà�Çàéäåëÿ.

È, íàêîíåö, íàéäÿ âñå íåîáõîäèìûå ïàðàìåòðû èç (6) è (7), ïîë ó÷àåì èçîáðàæåíèå áåç
òóìàíà èç (5)

xt =
yt � a
mapt

+ a :

Äàííûé àëãîðèòì èìååò ëèíåéíóþ âû÷èñëèòåëüíóþ ñëîæíîñòü î òíîñèòåëüíî ðàçìåðà
àíàëèçèðóåìîãî èçîáðàæåíèÿ.

4 Àëãîðèòì ñæàòèÿ êîíòðàñòà HDR èçîáðàæåíèé
Ïðåäëàãàåìûé â äàííîé ðàáîòå àëãîðèòì � ýòî ïîïûòêà ìàòåìàò è÷åñêè èìèòèðîâàòü

èçâåñòíóþ õóäîæåñòâåííóþ òåõíèêó äëÿ ñîçäàíèÿ ñöåíû ñ âûñî êîé êîíòðàñòíîñòüþ. Êîãäà
õóäîæíèêè ñîçäàþò æèâîïèñü, îíè ïûòàþòñÿ îõâàòèòü âíåøíèé âèä ¾ãðóáîé¿ ïîñëåäîâà-
òåëüíîñòüþ ãðàíèö è òåíåé. Ìíîãèå íà÷èíàþò ñ ýñêèçà êðóïíûõ , âàæíûõ îñîáåííîñòåé
ñþæåòà, à çàòåì ïîñòåïåííî äîáàâëÿþò áîëåå òîíêèå äåòàëè. Ï åðâîíà÷àëüíûå ýñêèçû ñî-
äåðæàò ÷åòêî îïðåäåëÿåìûå ãðàíèöû âîêðóã áîëüøèõ, ïëàâíî ç àòåíåííûõ îáëàñòåé ñ âû-
ñîêîé êîíòðàñòíîñòüþ è íàèáîëåå âàæíûìè îñîáåííîñòÿìè ñöå íû. Äàëåå õóäîæíèê äî-
áàâëÿåò áîëüøå îòòåíêîâ è ãðàíèö, ÷òîáû ñîçäàòü áîëåå ìåëêè å äåòàëè, çàïîëíÿþùèå
âèçóàëüíî ïóñòûå îáëàñòè. Ýòîò ìåòîä îñîáåííî õîðîøî ðàáîò àåò äëÿ ñþæåòîâ ñ âûñî-
êîé äåòàëèçàöèåé, òàê êàê ýòî ïîçâîëÿåò íàñòðîèòü îòäåëüíû å íàñòðîéêè êîíòðàñòíîñòè
íà êàæäîì ýòàïå ñ ïîìîùüþ óâåëè÷åíèÿ äåòàëèçàöèè. Õóäîæíèê ìîæåò òàêæå ïîä÷åðê-
íóòü èëè çàãëóøèòü íåêîòîðûå êîìïîíåíòû ñöåíû, ÷òîáû êîíòð îëèðîâàòü èõ âèäèìîñòü
è îáðàòèòü âíèìàíèå çðèòåëÿ íà íèõ.

Òàêæå ïðåäëàãàåìûé ïîäõîä îïèðàåòñÿ íà øèðîêî ðàñïðîñòðàí åííîå äîïóùåíèå, ÷òî
çðèòåëüíàÿ ñèñòåìà ÷åëîâåêà íå î÷åíü ÷óâñòâèòåëüíà ê àáñîëþòíûì ÿðêîñòÿì, äîñòèãà-
þùèì ñåò÷àòêè, à ñ ó÷åòîì ìåñòíûõ èçìåíåíèé ñîîòíîøåíèé èíò åíñèâíîñòåé ýòî óìåíü-
øàåò ýôôåêò ãëîáàëüíûõ ðàçëè÷èé, êîòîðûå ìîãóò áûòü ñâÿçàí û ñ ðàçëè÷èÿìè â îñâåùå-
íèè [7]. Àëãîðèòì îñíîâàí íà èñïîëüçîâàíèè íåñòàöèîíàðíîé ãàììà-íîðìàëüíîé ìîäåëè
â ðàìêàõ áàéåñîâñêîãî ïîäõîäà ê ïðîáëåìå îáðàáîòêè èçîáðàæ åíèé, îïèñàííîé â ðàçä. 1.
Òî÷íî òàê æå, êàê è äëÿ ðåøåíèÿ çàäà÷è óäàëåíèÿ øóìà íà èçîáðà æåíèè, ìîæíî îöåíèòü
çíà÷åíèÿ ñêðûòîãî ïîëÿ â ñîîòâåòñòâèè ñ (3) è (4), èñïîëüçóÿ ïðîöåäóðó Ãàóññà�Çàéäåëÿ
è ïðîöåäóðó ôèëüòðàöèè-èíòåðïîëÿöèè Êàìàíà, ïîëó÷àÿ òåì ñ àìûì ïðîìåæóòî÷íîå ñëà-
áîêîíòðàñòíîå èçîáðàæåíèå Y g = ( yg

t ; t 2 T). À çàòåì äëÿ ñæàòèÿ êîíòðàñòà HDR èçîáðà-
æåíèé ïðèìåíÿåì ïðîñòóþ ïðîöåäóðó ïåðåñ÷åòà ýëåìåíòîâ èçî áðàæåíèÿ:

xt = yt � � (yg
t + mean (yg)) ;

ãäå X = ( xt ; t 2 T) � ðåçóëüòàò ñæàòèÿ êîíòðàñòà èñõîäíîãî HDR èçîáðàæåíèÿ; Y =
= ( yt ; t 2 T) � àíàëèçèðóåìîå HDR èçîáðàæåíèå; Y g = ( yg

t ; t 2 T) � ïðîìåæóòî÷íîå
ñëàáîêîíòðàñòíîå èçîáðàæåíèå; � � ìàñøòàáèðóþùèé êîýôôèöèåíò; mean (yg) � ñðåäíåå
çíà÷åíèå èíòåíñèâíîñòè ñëàáîêîíòðàñòíîãî èçîáðàæåíèÿ.



Áûñòðûå àëãîðèòìû îáðàáîòêè èçîáðàæåíèé 1683

Â ðåçóëüòàòå ëþáîå ðåçêîå èçìåíåíèå ÿðêîñòè âûñîêîãî äèíàì è÷åñêîãî äèàïàçîíà èçîá-
ðàæåíèÿ ïîðîæäàåò óâåëè÷åíèå çíà÷åíèÿ ÿðêîñòè äèñïåðñèè ø óìà. Ñ äðóãîé ñòîðîíû,
ìåëêèå äåòàëè, òàêèå êàê òåêñòóðû, ñîîòâåòñòâóþò äèñïåðñèè øóìà ãîðàçäî ìåíüøåé âå-
ëè÷èíû. Á�îëüøèå çíà÷åíèÿ äèñïåðñèè øóìà êðèòåðèé íàêàçûâ àåò â áîëüøåé ñòåïåíè, ÷åì
ìåëêèå, òàêèì îáðàçîì, ñæèìàÿ êàðäèíàëüíûå èçìåíåíèÿ ÿðêî ñòè, ñîõðàíÿÿ ìåëü÷àéøèå
äåòàëè.

5 Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû

Ðåçóëüòàòû ïî óäàëåíèþ òóìàíà ñ èçîáðàæåíèé, ïðåäñòàâëåíí ûå íà ðèñ. 2, ïîêàçûâàþò,
÷òî ïðåäëîæåííûé ìåòîä äîñòèãàåò õîðîøåãî âîññòàíîâëåíèÿ êîíòðàñòà è öâåòîïåðåäà÷è,
â ðåçóëüòàòå ÷åãî ïðîèñõîäèò çíà÷èòåëüíîå óëó÷øåíèå âèäèì îñòè îáúåêòîâ íà èçîáðàæå-
íèè. À âûñîêàÿ ñêîðîñòü ðàáîòû àëãîðèòìà ïîçâîëèò îáðàáàòû âàòü ïîòîê èçîáðàæåíèé
â ðåæèìå ðåàëüíîãî âðåìåíè.

Ðàçðàáîòàííàÿ ïðîöåäóðà èìèòèðóåò ñõåìó òåõíîëîãè÷åñêîã î ïðîöåññà õóäîæíèêà â îá-
ðàòíîì íàïðàâëåíèè � èçáèðàòåëüíî óäàëÿåò äåòàëè èç ñöåíû, îñòàâëÿÿ òîëüêî ïëàâíî
çàòåíåííûå îáëàñòè, ðàçäåëåííûå ðåçêèìè ãðàíèöàìè. Ìîæíî ëåãêî âîññòàíîâèòü óäàëåí-
íûå äåòàëè ïóòåì âû÷èòàíèÿ ñãëàæåííîãî èçîáðàæåíèÿ èç èñõî äíîãî. À çàòåì, ñëåäóÿ
ñõåìå ïðîðèñîâêè äåòàëåé, êîòîðóþ èñïîëüçóþò õóäîæíèêè, ï îâûñèòü êîíòðàñò, êàê ïî-
êàçàíî íà ðèñ. 3.

Â çàâèñèìîñòè îò ñòåïåíè ñãëàæèâàíèÿ èçîáðàæåíèÿ è çíà÷åíè ÿ ìàñøòàáèðóþùåãî
êîýôôèöèåíòà ðåãóëèðóåòñÿ ñòåïåíü äåòàëèçàöèè èçîáðàæåíèé.

à) á) â)

ã) ä) å)

Ðèñ. 2 Ðåçóëüòàòû óäàëåíèÿ òóìàíà íà èçîáðàæåíèè Forest 800 � 600: (à) èñõîäíîå èçîáðàæå-
íèå; (á) âûäåëåíèå òåìíîãî êàíàëà íà èñõîäíîì èçîáðàæåíèè; (â) ãðàíèöû îáúåêòîâ íà èñõîäíîì
èçîáðàæåíèè; (ã) êàðòà ñâåòîïåðåäà÷è; (ä) ðåçóëüòàò óäàëåíèÿ òóìàíà ïðåäëîæåííûì ñïîñîáîì;
(å) ðåçóëüòàò óäàëåíèÿ òóìàíà ìåòîäîì [4]
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à) á) â)

Ðèñ. 3 Ðåçóëüòàòû ñæàòèÿ êîíòðàñòà HDR èçîáðàæåíèÿ: (à) èñõîäíîå èçîáðàæåíèå; (á) ñæàòèå
êîíòðàñòà èñõîäíîãî èçîáðàæåíèè ïðè � = 0 ;8; (â) ñæàòèå êîíòðàñòà èñõîäíîãî èçîáðàæåíèè ïðè
� = 0 ;5

6 Çàêëþ÷åíèå
Ïðèìåíåíèå íåñòàöèîíàðíîé ãàììà-íîðìàëüíîé ìîäåëè ïîçâî ëèëî ðàçðàáîòàòü ýôôåê-

òèâíûå àëãîðèòìû ðåøåíèÿ ïîñòàâëåííûõ çàäà÷ íà îñíîâå ïðîö åäóðû Ãàóññà�Çàéäåëÿ.
Ãðàô ñìåæíîñòè ýëåìåíòîâ èçîáðàæåíèÿ ïðåäñòàâëÿåòñÿ â âèä å ðåøåòêè è çàòåì àïïðîê-
ñèìèðóåòñÿ ïîñëåäîâàòåëüíîñòüþ äåðåâüåâ, êàæäîå èç êîòîðûõ ñâÿçàíî ñ îòäåëüíûì ñòîëá-
öîì èçîáðàæåíèÿ. Îöåíèâàíèå ñêðûòûõ ïåðåìåííûõ âòîðè÷íîã î ìàññèâà äàííûõ â êàæ-
äîì äåðåâå îñóùåñòâëÿåòñÿ çà ñ÷åò ïðîöåäóðû ôèëüòðàöèè-èíòåðïîëÿöèè Êàëìàíà, ÷òî
ïîçâîëÿåò äîñòè÷ü ëèíåéíîé çàâèñèìîñòè âðåìåíè ðàáîòû àëã îðèòìà îò ðàçìåðà èñõîäíîãî
èçîáðàæåíèÿ.
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Ðàññìàòðèâàåòñÿ âëèÿíèå ðàññèíõðîíèçàöèè âõîäíûõ èçîáðà æåíèé íà êà÷åñòâî ðàáî-
òû àëãîðèòìîâ ïîèñêà ñòðóêòóðíûõ ðàçëè÷èé, ïîä êîòîðûìè ïî íèìàþòñÿ ïîÿâèâøèåñÿ
èëè èñ÷åçíóâøèå îáúåêòû ìåñòíîñòè, äëÿ ðàçíîâðåìåííûõ êîñ ìè÷åñêèõ ñíèìêîâ çåìíîé
ïîâåðõíîñòè. Ðàáîòà àëãîðèòìîâ îöåíèâàåòñÿ íà ïàðå èçîáðà æåíèé, ïðåäñòàâëÿþùèõ ñî-
áîé ñìåùåííûå îòíîñèòåëüíî äðóã äðóãà êîïèè îäíîãî è òîãî æå ñíèìêà, ÷òî ïîçâîëÿåò
âûÿñíèòü ñòåïåíü óñòîé÷èâîñòè ìåòîäîâ ê ãåîìåòðè÷åñêîìó í åñîîòâåòñòâèþ âõîäíûõ äàí-
íûõ ñ èñêëþ÷åíèåì âëèÿíèÿ ñòðóêòóðíûõ ðàçëè÷èé èëè ñëó÷àéí îãî øóìà. Ïðèâîäèòñÿ
îïèñàíèå íîâîãî ìåòîäà ñðàâíåíèÿ ñòðóêòóð èçîáðàæåíèé, èñ ïîëüçîâàíèå êîòîðîãî ñîâ-
ìåñòíî ñ àëãîðèòìàìè ïîèñêà ñòðóêòóðíûõ ðàçëè÷èé ïîçâîëÿå ò óìåíüøèòü êîëè÷åñòâî
ëîæíûõ òðåâîã ïðè ðàññèíõðîíèçàöèè âõîäíûõ èçîáðàæåíèé. Ý êñïåðèìåíòû íà äàííûõ,
ïîäãîòîâëåííûõ ïóòåì âçàèìíîãî ñäâèãà ïàðû èçíà÷àëüíî ãåî ìåòðè÷åñêè âûðîâíåííûõ
êîñìîñíèìêîâ, ïîêàçûâàþò, ÷òî ïðåäëîæåííàÿ ìîäèôèêàöèÿ à ëãîðèòìîâ ïîäõîäèò äëÿ
ïðèêëàäíîãî ïðèìåíåíèÿ.

Êëþ÷åâûå ñëîâà : îáðàáîòêà èçîáðàæåíèé; ñòðóêòóðíûå ðàçëè÷èÿ; ðàññèíõðîí èçàöèÿ
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DOI: 10.21469/22233792.1.12.04

Research of the impact of misregistration of input images
on the accuracy of change detection �

F. A. Kornilov
Institute of Mathematics and Mechanics, Ural Branch of the Russian Academy of Sciences,

16 S. Kovalevskaja st., Ekaterinburg, Russia

Background : The paper is devoted to studying the impact of misregistration of the input
images on the performance of the structural changes detection algorithms for multitemporal
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Results : The new method for comparing images structures is intoduced; applied together
with other structural changes algorithm, it leads to decrease the number of false alarms in the
presence of misregistration of input images.
Concluding Remarks : The experiments on the image pairs, obtained by shifting originally
aligned satellite images, show that considered algorithmsmodi�cation is valuable for real
applications.
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1 Ââåäåíèå
Çàäà÷à ïîèñêà ðàçëè÷èé íà äâóõ èçîáðàæåíèÿõ âîçíèêàåò â ðàçëè÷íûõ îáëàñòÿõ êîì-

ïüþòåðíîãî çðåíèÿ, òàêèõ êàê ñæàòèå âèäåîäàííûõ, ñèñòåìû â èäåîíàáëþäåíèÿ è äð.
Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ ïîèñê ðàçëè÷èé íà êîñìè÷åñ êèõ ñíèìêàõ çåìíîé ïî-
âåðõíîñòè. Äëÿ èõ àâòîìàòè÷åñêîãî àíàëèçà îñîáûé èíòåðåñ ï ðåäñòàâëÿåò îáíàðóæåíèå
íå âñåõ èçìåíåíèé, à òàê íàçûâàåìûõ ñòðóêòóðíûõ ðàçëè÷èé, êîòîðûå çàêëþ÷àþòñÿ â ñó-
ùåñòâåííîì èçìåíåíèè íàáëþäàåìîé ñöåíû. Òàêîâûìè áóäåì ñ÷ èòàòü ïîÿâëåíèå, èñ÷åç-
íîâåíèå èëè èçìåíåíèå ôîðìû îáúåêòîâ: äîìîâ, äîðîã, ó÷àñòê îâ ëåñà è ò. ä. Ïðè ýòîì
èçìåíåíèÿ îñâåùåííîñòè è öâåòà îáúåêòîâ ñòðóêòóðíûìè ðàçë è÷èÿìè íå ñ÷èòàþòñÿ.

Ñ òî÷êè çðåíèÿ òðåáîâàíèé ê âõîäíûì äàííûì â çàäà÷å ïîèñêà ñò ðóêòóðíûõ ðàçëè÷èé
ðàññìàòðèâàþòñÿ äâà ïîëóòîíîâûõ ðàçíîâðåìåííûõ êîñìè÷åñ êèõ ñíèìêà îäíîãî è òîãî æå
ó÷àñòêà çåìíîé ïîâåðõíîñòè. Ïðåäïîëàãàåòñÿ, ÷òî îíè èìåþò îäèíàêîâûé ðàçìåð â ïèê-
ñåëÿõ è ãåîìåòðè÷åñêè âûðîâíåíû, ò. å. êàæäûé ýëåìåíò (x; y) íà îáîèõ ñíèìêàõ èìååò
îäíè è òå æå êîîðäèíàòû íà ìåñòíîñòè. Ðàçóìååòñÿ, òî÷íîñòü ò àêîé ïðèâÿçêè ê ìåñòíîñòè
áóäåò íàïðÿìóþ âëèÿòü íà êà÷åñòâî ðàáîòû àëãîðèòìîâ, ÷òî ïð èâåëî ê ïîÿâëåíèþ ñòàòåé,
èññëåäóþùèõ âëèÿíèå íåäîñòàòî÷íîé ãåîìåòðè÷åñêîé âûðîâí åííîñòè (ðàññèíõðîíèçàöèè)
èçîáðàæåíèé íà ðåçóëüòàò ïîèñêà ðàçëè÷èé.

Â ðàáîòå [1] ïðèâåäåíî îïèñàíèå ýêñïåðèìåíòà ïî îöåíêå âëèÿ íèÿ ðàññèíõðîíèçàöèè
äëÿ èçîáðàæåíèÿ è åãî êîïèè, áëàãîäàðÿ ÷åìó èñêëþ÷åíî âëèÿí èå ñòðóêòóðíûõ ðàçëè-
÷èé, è òà æå îöåíêà äëÿ ðàññèíõðîíèçèðîâàííûõ ðàçíîâðåìåíí ûõ èçîáðàæåíèé. Ðàññèí-
õðîíèçàöèÿ òîæäåñòâåííà ñäâèãó èçîáðàæåíèÿ ïî îáåèì îñÿì. Äëÿ îáîèõ ýêñïåðèìåíòîâ
ïîñòðîåíû ãðàôèêè çàâèñèìîñòè âåëè÷èíû, ïðåäñòàâëÿþùåé ñ îáîé îòíîñèòåëüíóþ ñóììó
êâàäðàòîâ ïîïèêñåëüíîé ðàçíîñòè èñõîäíîãî è ñäâèíóòîãî èç îáðàæåíèé (íåêîòîðûé àíà-
ëîã âåëè÷èíû ñòðóêòóðíîãî ðàçëè÷èÿ, íàçûâàåìûé ïîëóäèñïå ðñèåé), îò âåëè÷èíû ñäâèãà.
Ãðàôèêè â îáîèõ ñëó÷àÿõ ïîëó÷èëèñü ïîõîæèìè íà ãðàôèê ñòåïå ííîé ôóíêöèè ñ ïîêàçà-
òåëåì 0,5. Ðåçóëüòàòû òàêîâû: îøèáêà ïîèñêà ðàçëè÷èé, ñâÿçàííàÿ ñ ðàññèíõðîíèçàöèåé
èçîáðàæåíèé, ñîñòàâëÿþùàÿ 10%îò âåëè÷èíû ñîáñòâåííî ñòðóêòóðíûõ ðàçëè÷èé, ìîæåò
áûòü âûçâàíà ñäâèãîì â 0,2 ïèêñåëÿ. Ïðè ñäâèãå â 1 ïèêñåëü ýòàîøèáêà äîñòèãàåò 50%.
Ýòîò ïîäõîä áûë ðàçâèò â ðàáîòå [2], ãäå àâòîðû âûáèðàëè ðàçí ûå èíòåðâàëû äëèí âîëí
äëÿ ýêñïåðèìåíòà. Ðåçóëüòàòû àíàëîãè÷íû ñòàòüå ïðåäøåñòâåííèêîâ [1]: îøèáêà â ðåãè-
ñòðàöèè 0,1934 ïèêñåëÿ ïîçâîëÿåò íàéòè 90%èñòèííûõ ñòðóêòóðíûõ ðàçëè÷èé ñðåäè âñåõ
îáíàðóæåííûõ, à îøèáêà â 1 ïèêñåëü ïðèâîäèò ê ðåçêîìó ïàäåíè þ òî÷íîñòè.

Äàííàÿ ðàáîòà ñîñòîèò èç äâóõ ÷àñòåé. Â ïåðâîé áóäåò ïðèâåäåíî èññëåäîâàíèå âëèÿíèÿ
ðàññèíõðîíèçàöèè âõîäíûõ èçîáðàæåíèé íà êà÷åñòâî ðàáîòû à ëãîðèòìîâ, îïèñàííûõ â [3],
íà îñíîâå ïîäõîäà, àíàëîãè÷íîãî èñïîëüçóåìîìó â [1], íî äëÿ áîëåå ñóùåñòâåííûõ ñäâèãîâ
â íåñêîëüêî ïèêñåëåé: ïîäîáíîå èññëåäîâàíèå èíòåðåñíî ñ òî ÷êè çðåíèÿ íåñîâåðøåíñòâà
(èëè îòñóòñòâèÿ) ãåîïðèâÿçêè âõîäíûõ ñíèìêîâ èëè, ÷òî áîëå å âåðîÿòíî, ðàçíîãî óãëà
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ñúåìêè. Âî âòîðîé ÷àñòè áóäåò ïðåäëîæåí ñïåöèàëüíûé àëãîðè òì, ïîçâîëÿþùèé ÷àñòè÷íî
óñòðàíèòü âëèÿíèå ïîäîáíîé ðàññèíõðîíèçàöèè, è ðåçóëüòàò û åãî ïðèìåíåíèÿ ê ðåàëüíûì
ñíèìêàì.

2 Àëãîðèòìû ïîèñêà ñòðóêòóðíûõ ðàçëè÷èé
Â äàííîì ðàçäåëå ïðèâîäèòñÿ êðàòêîå îïèñàíèå ðàçðàáîòàííû õ àëãîðèòìîâ ïîèñêà

ñòðóêòóðíûõ ðàçëè÷èé èçîáðàæåíèé è èõ óñòîé÷èâîñòü ê ðàññèíõðîíèçàöèè âõîäíûõ
ñíèìêîâ.

2.1 Îáùàÿ ñõåìà àëãîðèòìîâ
Ïðåäëàãàåìûå â äàííîé ðàáîòå ìåòîäû îïèðàþòñÿ íà èñïîëüçîâ àíèå ôóíêöèé ïðå-

îáðàçîâàíèÿ ÿðêîñòè � ïîïèêñåëüíî äåéñòâóþùèõ îïåðàòîðîâ îòíîñèòåëüíîé ðàäèîìåò-
ðè÷åñêîé êîððåêöèè èñõîäíûõ èçîáðàæåíèé, êîòîðûå ñòðîÿòñ ÿ äëÿ êàæäîãî ïîëîæåíèÿ
ñêàíèðóþùåãî îêíà íà îñíîâå íàáîðîâ ÿðêîñòåé èçîáðàæåíèé â íåì è ïðèìåíÿþòñÿ äëÿ
¾âûðàâíèâàíèÿ¿ ÿðêîñòè ôðàãìåíòîâ ñ ñîõðàíåíèåì èõ ñòðóêò óðû. Òàêîé ïîäõîä ïîçâî-
ëÿåò èãíîðèðîâàòü íå ñ÷èòàþùèåñÿ ñòðóêòóðíûìè ðàçëè÷èÿìè îáúåêòû, èçìåíèâøèå ñâîé
öâåò, íî ñîõðàíèâøèå ôîðìó. Àëãîðèòìû ñîñòîÿò èç ñëåäóþùèõ øàãîâ.
1. Èñõîäíûå èçîáðàæåíèÿ ñêàíèðóþòñÿ ñ øàãîì 1 ëîêàëüíûì îêí îì çàäàííîãî ðàçìåðà

d � d; îãðàíè÷åííûå äàííûì îêíîì ôðàãìåíòû áóäåì îáîçíà÷àòü f è g. Öåíòðàëüíóþ
òî÷êó ýòîãî îêíà áóäåì îáîçíà÷àòü xc.

2. Äëÿ êàæäîãî ïîëîæåíèÿ îêíà ñòðîÿòñÿ äâå ôóíêöèè ïðåîáðàç îâàíèÿ ÿðêîñòè Ffg è Fgf .
Èñïîëüçîâàíèå ñõåìû ñ äâóìÿ ôóíêöèÿìè ïîçâîëÿåò äîáèòüñÿ ñ èììåòðèçàöèè ðåçóëü-
òàòà, ò. å. ñòàíîâèòñÿ íåâàæíûì, ñðàâíèâàåòñÿ ïåðâîå èçîáðàæåíèå ñî âòîðûì èëè íà-
îáîðîò.

3. Ñ ïîìîùüþ ôóíêöèé Ffg è Fgf ñòðîÿòñÿ ïðåîáðàçîâàííûå ôðàãìåíòû èçîáðàæåíèé
f 0 = Ffg (f ) è g0 = Fgf (g), ïðè ýòîì ÿðêîñòü f 0 ¾âûðîâíåíà¿ ïî ÿðêîñòè ôðàãìåíòà g
ñ ñîõðàíåíèåì ñòðóêòóðû f , è àíàëîãè÷íî � äëÿ ôðàãìåíòà g0.

4. Ñòðîèòñÿ ðåçóëüòèðóþùåå ðàçíîñòíîå èçîáðàæåíèå:

R(xc) = max( jf 0(xc) � g(xc)j; jg0(xc) � f (xc)j) :

Äëÿ ýòîãî èçîáðàæåíèÿ ÿðêîñòü òî÷êè õàðàêòåðèçóåò âåëè÷èíó ñòðóêòóðíîãî íåñîîò-
âåòñòâèÿ èñõîäíûõ èçîáðàæåíèé, ò. å. ÷åì ÿð÷å òî÷êà, òåì âåðîÿòíåå, ÷òî â íåé ïðèñóò-
ñòâóåò ñòðóêòóðíîå ðàçëè÷èå.

5. Ïðîèçâîäèòñÿ ïîðîãîâàÿ îáðàáîòêà èçîáðàæåíèÿ R. Òàêèì îáðàçîì, îáðàáîòêà êàæ-
äîãî ñêàíèðóþùåãî îêíà äàåò íà ðåçóëüòèðóþùåì èçîáðàæåíèè îäíó òî÷êó. Äàëåå èç
ýòèõ òî÷åê ôîðìèðóþòñÿ ñâÿçíûå îáëàñòè ñòðóêòóðíûõ ðàçëè÷ èé � êîíå÷íûé ðåçóëü-
òàò. Äëÿ áîðüáû ñî ñëó÷àéíûìè âûáðîñàìè ìîæíî ôèëüòðîâàòü í àéäåííûå îáëàñòè,
îòáðàñûâàÿ òå, ïëîùàäü êîòîðûõ íåçíà÷èòåëüíà.
Â êà÷åñòâå ôóíêöèé ïðåîáðàçîâàíèÿ ÿðêîñòè ðàññìàòðèâàþòñÿ:

(1) ìîðôîëîãè÷åñêèé ïðîåêòîð [4]:

f 0(x) =
X

i

P
x02 X g(x0)� f

i (x0)
P

x02 X � f
i (x0)

� f
i (x) ;

ãäå

� f
i (x) =

(
1; åñëèf (x) = i ;

0; èíà÷å;

ñóììèðîâàíèå âåäåòñÿ ïî âñåì óðîâíÿì ÿðêîñòè i ôðàãìåíòà f ïåðâîãî èçîáðàæåíèÿ;
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(2) ðåãóëÿðèçîâàííûé âàðèàíò ìîðôîëîãè÷åñêîãî ïðîåêòîðà , îñíîâàííûé íà èñïîëüçîâà-
íèè áèëàòåðàëüíîãî ôèëüòðà [5]:

f 0(x) =
X

i

 P
x02 X g(x0)~� f

i (x0)
P

x02 X ~� f
i (x0)

~� f
i (x)

P
j ~� f

i (x)

!

;

ãäå ~� f
i âû÷èñëÿåòñÿ ïî ôîðìóëå

~� f
i (x) = exp

�
�

(f (x) � i )2

� 2
c

�
exp

�
�

(x � xc)2

� 2
d

�
;

(3) ëèíåéíàÿ ôóíêöèÿ ïðåîáðàçîâàíèÿ ÿðêîñòè:

f 0(x) = kf (x) + b ;

ãäå êîýôôèöèåíòû íàõîäÿòñÿ ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ êâà äðàòîâ (ÌÍÊ) ïî
äâóì ôðàãìåíòàì èçîáðàæåíèé, îãðàíè÷åííûõ ñêàíèðóþùèì îê íîì, èç ñîîòíîøåíèÿ

X

x2 Sd

(g(x) � (kf (x) + b))2 ! min
k;b

:

ÇäåñüSd � ìíîæåñòâî òî÷åê, îãðàíè÷åííûõ ñêàíèðóþùèì îêíîì;
(4) êâàäðàòè÷íàÿ ôóíêöèÿ ïðåîáðàçîâàíèÿ ÿðêîñòè:

f 0(x) = af 2(x) + bf (x) + c ;

ãäå êîýôôèöèåíòû íàõîäÿòñÿ ñ ïîìîùüþ ÌÍÊ ïî äâóì ôðàãìåíòàì èçîáðàæåíèé,
îãðàíè÷åííûõ ñêàíèðóþùèì îêíîì, èç ñîîòíîøåíèÿ

X

x2 Sd

(g(x) � (af 2(x) + bf (x) + c))2 ! min
a;b;c

:

2.2 Âëèÿíèå ðàññèíõðîíèçàöèè èçîáðàæåíèé íà ðåçóëüòàò ðàá îòû àëãîðèòìîâ

Äëÿ îöåíêè âëèÿíèÿ ðàññèíõðîíèçàöèè âõîäíûõ èçîáðàæåíèé á óäåò èñïîëüçîâàí ïîä-
õîä, àíàëîãè÷íûé ïðåäëîæåííîìó â [1]. Äëÿ ýòîãî áóäåò âçÿò ê îñìè÷åñêèé ñíèìîê çåìíîé
ïîâåðõíîñòè (ãîðîäñêàÿ çàñòðîéêà), à â êà÷åñòâå âòîðîãî èçîáðàæåíèÿ áóäåò ðàññìîòðåíà
êîïèÿ ïåðâîãî, ñäâèíóòîãî íà îïðåäåëåííóþ âåëè÷èíó ïî ãîðè çîíòàëè è ïî âåðòèêàëè. Ïî-
ëó÷åííàÿ ïàðà èçîáðàæåíèé, ðàçóìååòñÿ, íå ñîäåðæèò íèêàêè õ ñòðóêòóðíûõ ðàçëè÷èé, íî
èç-çà îòñóòñòâèÿ ãåîìåòðè÷åñêîé âûðîâíåííîñòè òàêîâûìè ñ òàíóò ñìåñòèâøèåñÿ ãðàíèöû
îáúåêòîâ è ò. ä. Ñëåäîâàòåëüíî, îòíîñèòåëüíàÿ ïëîùàäü îáíà ðóæåííûõ ðàçëè÷èé áóäåò
ýêâèâàëåíòíà âåðîÿòíîñòè ëîæíîé òðåâîãè. Íà ðèñ. 1 ïðåäñòà âëåíû ïîëó÷åííûå ãðàôèêè
çàâèñèìîñòè ïîäîáíîé îøèáêè îò âåëè÷èíû ñäâèãà èçîáðàæåíè é îòíîñèòåëüíî äðóã äðóãà.

Îòëîæåííûå íà ãîðèçîíòàëüíîé îñè çíà÷åíèÿ sd íå öåëûå, òàê êàê ñäâèã îñóùåñòâëÿ-
åòñÿ íà öåëîå çíà÷åíèå ïî ãîðèçîíòàëè è âåðòèêàëè, à sd � ýòî ðàññòîÿíèå ìåæäó ïèê-
ñåëÿìè ïîñëå ñäâèãà. Ìîæíî âèäåòü, ÷òî íàèáîëåå óñòîé÷èâûì ê âîçìóùåíèþ âõîäíûõ
äàííûõ îêàçàëñÿ àëãîðèòì, îñíîâàííûé íà ðåãóëÿðèçîâàííîì âàðèàíòå ìîðôîëîãè÷åñêî-
ãî ïðîåêòîðà. Äàëåå èäåò àëãîðèòì, îñíîâàííûé íà ìîðôîëîãè ÷åñêîì ïðîåêòîðå, à ëèíåé-
íûå è êâàäðàòè÷íûå ôóíêöèè ïðîäåìîíñòðèðîâàëè ïðàêòè÷åñê è èäåíòè÷íûå ðåçóëüòàòû.
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Ðèñ. 1 Ãðàôèêè çàâèñèìîñòè óðîâíÿ ëîæíîé òðåâîãè (false positive , FP) îò âåëè÷èíû ðàññèí-
õðîíèçàöèè èçîáðàæåíèé sd, èçíà÷àëüíî íå ñîäåðæàùèõ ñòðóêòóðíûõ ðàçëè÷èé, äëÿ ðàçëè ÷íûõ
àëãîðèòìîâ

Ðèñ. 2 Èñõîäíûå èçîáðàæåíèÿ f è g, íå ñîäåðæàùèå ñòðóêòóðíûõ ðàçëè÷èé, íî ñäâèíóòûå îòíî-
ñèòåëüíî äðóã äðóãà íà 3 ïèêñåëÿ ïî ãîðèçîíòàëè è ïî âåðòèêàë è, è ðåçóëüòàò ïîèñêà ðàçëè÷èé
äëÿ íèõ ñ ïîìîùüþ àëãîðèòìà, îñíîâàííîãî íà ðåãóëÿðèçîâàíí îì âàðèàíòå ìîðôîëîãè÷åñêîãî
ïðîåêòîðà. Çäåñü âñå íàéäåííûå ðàçëè÷èÿ (îòìå÷åííûå ÷åðíû ì öâåòîì) ÿâëÿþòñÿ ëîæíîé òðå-
âîãîé

Íà ðèñ. 2 ïðåäñòàâëåíû ñãåíåðèðîâàííûå ñíèìêè, ïîëó÷åííûå ñäâèãîì èñõîäíîãî èçîá-
ðàæåíèÿ íà 3 ïèêñåëÿ ïî ãîðèçîíòàëè è ïî âåðòèêàëè, è ðåçóëüò àò ïîèñêà ñòðóêòóðíûõ
ðàçëè÷èé äëÿ íèõ ñ ïîìîùüþ àëãîðèòìà, îñíîâàííîãî íà ðåãóëÿ ðèçîâàííîì âàðèàíòå ìîð-
ôîëîãè÷åñêîãî ïðîåêòîðà. Ïîëó÷åííîå ðåçóëüòèðóþùåå ðàçí îñòíîå èçîáðàæåíèå ñîäåðæèò
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çíà÷èòåëüíîå êîëè÷åñòâî ëîæíûõ òðåâîã â òåõ îáëàñòÿõ, ãäå ïðèñóòñòâóþò çíà÷èòåëüíûå
ïåðåïàäû ÿðêîñòè � òàêèõ, êàê ãðàíèöû îáúåêòîâ.

3 Ïîèñê ñòðóêòóðíûõ ðàçëè÷èé ñ óñòðàíåíèåì ðàññèíõðîíèçàö èè
âõîäíûõ èçîáðàæåíèé

Â ñîîòâåòñòâèè ñ ïðåäëîæåííûì â [6] îïðåäåëåíèåì ñòðóêòóðà èçîáðàæåíèÿ � ýòî íà-
áîð åãî ìíîæåñòâ óðîâíÿ, à ñòðóêòóðíîå ðàçëè÷èå � ýòî íàáîð ò î÷åê, â êîòîðûõ ÿðêîñòè
ïàðû âûðîâíåííûõ ïî ÿðêîñòè èçîáðàæåíèé ñóùåñòâåííî ðàçëè ÷àþòñÿ. Ðàáîòà àëãîðèò-
ìîâ èõ îáíàðóæåíèÿ îñíîâàíà íà àíàëèçå ÿêðîñòåé â ñêàíèðóþù åì îêíå è ïîñëåäóþùåé
îöåíêå ñòåïåíè ðàçëè÷èÿ äëÿ åãî öåíòðàëüíîé òî÷êè xc. Ñîîòâåòñòâåííî, ïðè òàêîì ïîä-
õîäå ê ïîèñêó ðàçëè÷èé íà ïåðâîì èçîáðàæåíèè ìîæíî ðàññìàòð èâàòü ëèøü óðîâåíü ÿð-
êîñòè, êîòîðîìó ïðèíàäëåæèò öåíòðàëüíàÿ òî÷êà. Îñíîâûâàÿ ñü íà ýòîì ðàññóæäåíèè,
ìîæíî ïðåäëîæèòü ïîäõîä, àíàëèçèðóþùèé íà êàæäîì èç èçîáðà æåíèé ÿðêîñòè ïèê-
ñåëåé ñêàíèðóþùåãî îêíà îòíîñèòåëüíî ÿðêîñòè öåíòðàëüíîé òî÷êè xc, áëàãîäàðÿ ÷åìó
ñòàíîâèòñÿ âîçìîæíûì íå èñïîëüçîâàòü ÿðêîñòíóþ êîððåêöèþ ñíèìêîâ. Òàêîé àëãîðèòì
ïîëó÷èë íàçâàíèå ¾ñòåïåíè áèåêòèâíîñòè¿.

3.1 Àíàëèç ¾ñòåïåíè áèåêòèâíîñòè¿ èçîáðàæåíèé

Â îñíîâå âû÷èñëåíèÿ ¾ñòåïåíè áèåêòèâíîñòè¿ SB ëåæèò ñëåäóþùàÿ èäåÿ: ïðè îòñóò-
ñòâèè ñòðóêòóðíûõ ðàçëè÷èé ïèêñåëè íà ïåðâîì èçîáðàæåíèè á ëèçêèå ïî ÿðêîñòè ê f (xc)
(ïîïàäàþùèå â íåêîòîðóþ îêðåñòíîñòü ÿðêîñòè òî÷êè xc), íà âòîðîì äîëæíû îêàçàòüñÿ
áëèçêè ïî ÿðêîñòè ê g(xc). Íåîáõîäèìîñòü çàäàíèÿ îêðåñòíîñòè ñâÿçàíà ñ çàäà÷åé ïî-
äàâëåíèÿ øóìà íà èçîáðàæåíèÿõ. Ôîðìàëüíî ýòî ìîæíî îïðåäåë èòü ñ ïîìîùüþ ïîíÿ-
òèÿ øòðàôà. Äëÿ ýòîãî çàäàþòñÿ äâà ðàäèóñà îêðåñòíîñòåé � � äëÿ ïåðâîãî è " äëÿ
âòîðîãî èçîáðàæåíèÿ. Ïèêñåëè, ÿðêîñòü êîòîðûõ ëåæèò çà ïðå äåëàìè � -îêðåñòíîñòè ÿð-
êîñòè öåíòðàëüíîé òî÷êè xc ïåðâîãî èçîáðàæåíèÿ, à íà âòîðîì èçîáðàæåíèè ïîïàäàþò
â "-îêðåñòíîñòü ÿðêîñòè öåíòðàëüíîé òî÷êè, øòðàôóþòñÿ íà âåë è÷èíó � , è àíàëîãè÷íî,
ïèêñåëè, ÿðêîñòü êîòîðûõ ëåæèò â � -îêðåñòíîñòè ÿðêîñòè öåíòðàëüíîé òî÷êè xc ïåðâîãî
èçîáðàæåíèÿ, à íà âòîðîì èçîáðàæåíèè íå ïîïàäàåò â "-îêðåñòíîñòü ÿðêîñòè öåíòðàëüíîé
òî÷êè, øòðàôóþòñÿ íà âåëè÷èíó � (ðèñ. 3). Èòîãîâàÿ îöåíêà â äàííîé òî÷êå � ¾ ñòåïåíü
áèåêòèâíîñòè ¿ � åñòü ñóììà øòðàôîâ äëÿ âñåõ ïèêñåëåé ëîêàëüíîãî îêíà.

Äàäèì áîëåå ñòðîãîå îïðåäåëåíèå ¾ñòåïåíè áèåêòèâíîñòè¿. Ï óñòü óðîâíè ÿðêîñòè ôðàã-
ìåíòîâ èçîáðàæåíèé f è g îòíîñèòåëüíî öåíòðàëüíîé òî÷êè xc îïðåäåëÿþòñÿ ñîîòíîøå-
íèÿìè:

L0
f (xc) = f x 2 Sd j j f (x) � f (xc)j < � g ;

L0
g(xc) = f x 2 Sd j jg(x) � g(xc)j < " g;

ãäåSd � ìíîæåñòâî ïèêñåëåé ñêàíèðóþùåãî îêíà. Çàäàäèì ôóíêöèþ øò ðàôà h: Sd ! R.
Â ÷àñòíîì ñëó÷àå êàæäàÿ îêàçàâøàÿñÿ çà ïðåäåëàìè çàäàííîé î êðåñòíîñòè òî÷êà øòðàôó-
åòñÿ íà 1, íî ìîæíî èñïîëüçîâàòü è äðóãèå âåñîâûå ôóíêöèè, íà ïðèìåð ôóíêöèþ Ãàóññà,
óáûâàþùóþ ê ãðàíèöå îêíà. Òîãäà ¾ñòåïåíü áèåêòèâíîñòè¿ âû÷ èñëÿåòñÿ ïî ôîðìóëå:

SB (xc) =
X

x2 L 0

h(x) ;

ãäåL0 � ñèììåòðè÷åñêàÿ ðàçíîñòü äâóõ ìíîæåñòâ: L0 = L0
f (xc) 4 L0

g(xc).
Ïðåèìóùåñòâà äàííîãî ìåòîäà ïðîÿâëÿþòñÿ â ñëåäóþùèõ ñëó÷à ÿõ.
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Ðèñ. 3 Ïðèíöèï âû÷èñëåíèÿ ¾ñòåïåíè áèåêòèâíîñòè¿ äëÿ äâóõ èçîáðà æåíèé

(1) Ïîèñê ñòðóêòóðíûõ ðàçëè÷èé, ðàçìåðû êîòîðûõ ñîñòàâëÿþ ò íåñêîëüêî ïèêñåëåé. Ïðè
àíàëèçå êîñìîñúåìêè òàêèå âûáðîñû ïî÷òè íàâåðíÿêà ÿâëÿþòñ ÿ øóìîì, è âñå âûøåïå-
ðå÷èñëåííûå àëãîðèòìû áóäóò ñòðåìèòüñÿ èõ ïîäàâèòü. Îäíàê î âîçìîæíî ïîÿâëåíèå
ïðàêòè÷åñêîé çàäà÷è, ãäå êëþ÷åâóþ ðîëü áóäóò èãðàòü èìåííî òàêèå íåçíà÷èòåëüíûå
ïî ïëîùàäè ðàçëè÷èÿ, è âû÷èñëåíèå ¾ñòåïåíè áèåêòèâíîñòè¿ ï îçâîëèò èõ òî÷íî ëîêà-
ëèçîâàòü.

(2) Ëîêàëüíàÿ ãåîìåòðè÷åñêàÿ êîððåêöèÿ èñõîäíûõ ñíèìêîâ, êîòîðàÿ áóäåò ðàññìîòðåíà
â ñëåäóþùåì ïóíêòå.

3.2 Àëãîðèòì ïîèñêà ñòðóêòóðíûõ ðàçëè÷èé ñ ëîêàëüíîé ãåîìå òðè÷åñêîé êîð-
ðåêöèåé

Ïðåäëàãàåòñÿ ñëåäóþùàÿ ñòðàòåãèÿ èñïîëüçîâàíèÿ ¾ñòåïåíèáèåêòèâíîñòè¿: àëãîðèò-
ìû ðàáîòàþò ñî ñêàíèðóþùèì îêíîì, ðàçìåðû êîòîðîãî îòíîñèò åëüíî íåâåëèêè, è ìîæíî
ñ÷èòàòü, ÷òî ïðèñóòñòâóþùèå èñêàæåíèÿ çíà÷èòåëüíî ïðîÿâë ÿþòñÿ íà ðàçìåðàõ áîëüøå,
÷åì âåëè÷èíà ñòîðîíû ëîêàëüíîãî îêíà d, è, ñëåäîâàòåëüíî, â ïðåäåëàõ âûáðàííîé îêðåñò-
íîñòè ëîêàëüíûå ñäâèãè ïèêñåëåé ÿâëÿþòñÿ ïàðàëëåëüíûìè. Ò îãäà, ïðåæäå ÷åì ñòðîèòü
ôóíêöèè ïðåîáðàçîâàíèÿ ÿðêîñòè, ìîæíî âû÷èñëèòü ¾ñòåïåíü áèåêòèâíîñòè¿ äëÿ òåêó-
ùåãî ïîëîæåíèÿ îêíà è äëÿ âñåõ îêîí ñî ñäâèãîì ïî íåáîëüøîé îê ðåñòíîñòè.

Òàêèì îáðàçîì, ïåðâûé ïóíêò ïðèâåäåííîãî âûøå àëãîðèòìà ïî èñêà ñòðóêòóðíûõ ðàç-
ëè÷èé áóäåò âûãëÿäåòü ñëåäóþùèì îáðàçîì: èñõîäíûå èçîáðàæ åíèÿ ñêàíèðóþòñÿ ñ øà-
ãîì 1 ëîêàëüíûì îêíîì çàäàííîãî ðàçìåðà d � d. Äëÿ êàæäîãî ïîëîæåíèÿ îêíà ïåðåáè-
ðàþòñÿ âñå âîçìîæíûå ñäâèãè èç îòðåçêà [� sd; sd] ïî êàæäîé êîîðäèíàòå (îòäåëüíî), ò. å.
ïåðåáèðàþòñÿ âñå âîçìîæíûå ïîëîæåíèÿ îêíà èç êâàäðàòà îò (� sd; � sd) äî (sd; sd), è âû-
÷èñëÿåòñÿ âåëè÷èíà ¾ñòåïåíè áèåêòèâíîñòè¿ SB. Ñðåäè ïîëó÷åííûõ çíà÷åíèé âûáèðàåòñÿ
íàèìåíüøåå, è äëÿ ñîîòâåòñòâóþùåãî åìó ïîëîæåíèþ îêíà ñòðî ÿòñÿ ôóíêöèè ïðåîáðàçî-
âàíèÿ ÿðêîñòè è ðàçíîñòíûå èçîáðàæåíèÿ. Ïðè ýòîì ðåçóëüòàò îáðàáîòêè çàïèñûâàåòñÿ
ïî-ïðåæíåìó â öåíòð îêíà â èñõîäíîì ïîëîæåíèè.

3.3 Ðåçóëüòàòû ðàáîòû àëãîðèòìîâ ñ ëîêàëüíîé ãåîìåòðè÷åñê îé êîððåêöèåé
Êàê è â ïåðâîé ÷àñòè ñòàòüè, âîçüìåì äâà ãåîìåòðè÷åñêè âûðîâíåííûõ êîñìîñíèìêà

ãîðîäñêîé çàñòðîéêè è äîáàâèì â íèõ ëîêàëüíûé ñäâèã, ïîñëå ÷ åãî ïðèìåíèì ê ïîëó-
÷åííûì èçîáðàæåíèÿì îïèñàííûå âûøå àëãîðèòìû ïîèñêà ñòðóê òóðíûõ ðàçëè÷èé � áåç
èñïîëüçîâàíèÿ ¾ñòåïåíè áèåêòèâíîñòè¿ è ñ íåé. Ïîëó÷åííûå ð åçóëüòàòû ñðàâíèì ñ ðó÷íîé
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Ðèñ. 4 Ãðàôèêè çàâèñèìîñòè AUC(sd) äëÿ ðàçëè÷íûõ àëãîðèòìîâ ïîèñ êà ñòðóêòóðíûõ ðàçëè÷èé
èçîáðàæåíèé áåç ãåîìåòðè÷åñêîé êîððåêöèè (ïóíêòèðíûå ëèí èè) è ñ åå èñïîëüçîâàíèåì (ñïëîø-
íûå ëèíèè). Ðàçìåð ñêàíèðóþùåãî îêíà äëÿ âñåõ àëãîðèòìîâ d = 21

ðàçìåòêîé; êðèòåðèåì êà÷åñòâà ðàáîòû ñòàíåò àíàëèç ROC-êðèâûõ [7] (ROC � Receiver
Operating Characteristic, îïåðàöèîííàÿ õàðàêòåðèñòèêà ï ðèåìíèêà). Êîëè÷åñòâåííóþ èí-
òåðïðåòàöèþ ROC-êðèâîé äàåò ïîêàçàòåëü AUC (Area Under the Curve� ïëîùàäü ïîä
ROC-êðèâîé) � ïëîùàäü, îãðàíè÷åííàÿ ROC-êðèâîé è îñüþ äîëè ëîæíûõ ïîëîæèòåëü-
íûõ êëàññèôèêàöèé. ×åì âûøå ïîêàçàòåëü AUC, òåì êà÷åñòâåíí åå êëàññèôèêàòîð, ïðè
ýòîì çíà÷åíèå 0,5 ñîîòâåòñòâóåò ñëó÷àéíîìó ðåøåíèþ.

Íà ðèñ. 4 èçîáðàæåíû ãðàôèêè çàâèñèìîñòè çíà÷åíèÿ AUC îò âåë è÷èíû ñäâèãà äëÿ
àëãîðèòìîâ áåç ãåîìåòðè÷åñêîé êîððåêöèè (ïóíêòèðíûå ëèíè è) è ñ åå èñïîëüçîâàíèåì
(ñïëîøíûå ëèíèè). Âî âñåõ ñëó÷àÿõ ïðèìåíåíèå ¾ñòåïåíè áèåê òèâíîñòè¿ ïîçâîëèëî ïîâû-
ñèòü êà÷åñòâî ðàáîòû.

Íà ðèñ. 5 ïðåäñòàâëåíî ñðàâíåíèå ðåçóëüòàòîâ ðàáîòû àëãîðèòìà ïîèñêà ñòðóêòóðíûõ
ðàçëè÷èé èçîáðàæåíèé íà îñíîâå ðåãóëÿðèçîâàííîãî âàðèàíò à ìîðôîëîãè÷åñêîãî ïðîåê-
òîðà ïðè îòñóòñòâèè ëîêàëüíîé ãåîìåòðè÷åñêîé êîððåêöèè è â åå ïðèñóòñòâèè äëÿ èçîá-
ðàæåíèé, ïðåäñòàâëÿþùèõ ñîáîé ðåàëüíûå ñíèìêè ãîðîäñêîé ç àñòðîéêè, â êîòîðûå áûëà
âíåñåíà ïîãðåøíîñòü èõ ïðèâÿçêè äðóã ê äðóãó.

Ïàðàìåòðû âûáðàíû ñëåäóþùèì îáðàçîì: ôóíêöèÿ øòðàôà h(�) � 1, � = 30 è " = 30
(äèàïàçîí âîçìîæíûõ ÿðêîñòåé � îò 0 äî 255). Ñäâèã èçîáðàæåí èé áûë ñäåëàí âðó÷íóþ
íà òðè ïèêñåëÿ âïðàâî è òðè ïèêñåëÿ âíèç; åãî ìîæíî îöåíèòü ïî ñìåùåíèþ ÿðêî-áåëîãî
äîìà â ëåâîì âåðõíåì óãëó ñíèìêîâ. Ìîæíî âèäåòü, ÷òî áåç ïðèì åíåíèÿ ãåîìåòðè÷åñêîé
êîððåêöèè àëãîðèòì íàøåë î÷åíü ìíîãî ëèøíèõ îáúåêòîâ � ïî ñó òè, ñòðóêòóðíûì ðàç-
ëè÷èåì ñòàë ëþáîé çíà÷èòåëüíûé ïåðåïàä ÿðêîñòè íà ñíèìêàõ. Â òî æå âðåìÿ òîò æå
àëãîðèòì, èñïîëüçóþùèé âû÷èñëåíèå ¾ñòåïåíè áèåêòèâíîñòè ¿ äëÿ ãåîìåòðè÷åñêîãî ñî-
ïîñòàâëåíèÿ ëîêàëüíûõ îêîí, îáíàðóæèë òîëüêî ñòðóêòóðíûå ðàçëè÷èÿ. Òàêèì îáðàçîì,
ìîæíî ãîâîðèòü î ïðèìåíèìîñòè ïðåäëîæåííîãî ìåòîäà äëÿ ïðà êòè÷åñêîãî ïðèìåíåíèÿ.
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Ðèñ. 5 Ñðàâíåíèå ðåçóëüòàòîâ ðàáîòû àëãîðèòìà ïîèñêà ñòðóêòóðíû õ ðàçëè÷èé èçîáðàæåíèé f
è g íà îñíîâå ðåãóëÿðèçîâàííîãî âàðèàíòà ìîðôîëîãè÷åñêîãî ïð îåêòîðà ïðè îòñóòñòâèè ëîêàëü-
íîé ãåîìåòðè÷åñêîé êîððåêöèè ( R 1) è â åå ïðèñóòñòâèè (R 2). Ðàçìåð ñêàíèðóþùåãî îêíà d = 21,
ïîðîã T = 25

4 Çàêëþ÷åíèå

Àëãîðèòìû ïîèñêà ñòðóêòóðíûõ ðàçëè÷èé èçîáðàæåíèé, êàê è ë þáûå äðóãèå ìåòî-
äû àíàëèçà èçîáðàæåíèé, î÷åíü ÷óâñòâèòåëüíû ê êà÷åñòâó âõîäíûõ äàííûõ. Ïðè ýòîì
ãåîìåòðè÷åñêàÿ âûðîâíåííîñòü èçîáðàæåíèé èãðàåò êëþ÷åâó þ ðîëü, âåäü ñìåùåíèå îáú-
åêòà äàæå íà îäèí ïèêñåëü ïîðîæäàåò ñëîæíîå ñòðóêòóðíîå ðàç ëè÷èå. Â äàííîé ðàáîòå
ïðèâåäåíû ðåçóëüòàòû îöåíêè óñòîé÷èâîñòè àëãîðèòìîâ ê ïîä îáíûì âîçìóùåíèÿì � ðà-
çóìååòñÿ, êà÷åñòâî ðàáîòû ïàäàåò âåñüìà îùóòèìî � è îïèñûâà åòñÿ ìåòîä, íàçûâàåìûé
àíàëèçîì ¾ñòåïåíè áèåêòèâíîñòè¿, ÷üå èñïîëüçîâàíèå â àëãî ðèòìàõ ïîèñêà ðàçëè÷èé ïîç-
âîëÿåò çíà÷èòåëüíî óìåíüøèòü êîëè÷åñòâî âîçíèêàþùèõ îøèá îê.
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Ïðåäëîæåí ìåòîä âûäåëåíèÿ äâèæóùèõñÿ îáúåêòîâ â âèäåîïîòî êå. Ìåòîä îñíîâàí
íà ïðåäñòàâëåíèè ïîñëåäîâàòåëüíîñòè èçîáðàæåíèé òðåõìåð íîé öåïüþ Ìàðêîâà è îöåíêè
êîíòóðîâ äâèæóùèõñÿ îáúåêòîâ ïî âû÷èñëåííîé âåëè÷èíå êîëè ÷åñòâà èíôîðìàöèè â ýëå-
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äåíà îöåíêà òî÷íîñòè îïðåäåëåíèÿ êîîðäèíàò äâèæóùèõñÿ îáú åêòîâ. Ðàçðàáîòàííûé ìå-
òîä òðåáóåò íåáîëüøèõ âû÷èñëèòåëüíûõ ðåñóðñîâ, ÷òî äåëàåòâîçìîæíûì åãî ïðèìåíåíèå
ïðè îáðàáîòêå äàííûõ â ðåàëüíîì ìàñøòàáå âðåìåíè.
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Method of detection of moving objects in video stream
on the basis of object boundaries estimation
E. V. Medvedeva, K. A. Karlushin, and E. E. Kurbatova

Vyatka State University, 36 Moskovskaya st., Kirov, Russia

The purpose of the research is to develop a new method of detection of moving objects in the
frame sequence using practically stationary background. The method is based on the estimation
of moving object boundaries by calculation of the value of information quantity and requires
less computational resources than the existing well-knownmethods.

The method uses approximation of the digital halftone images (DHI) sequence by a three-
dimensional Markov chain with several states and representation of the DHI by g-digit binary
images (DBI). To �nd contours, the value of information quan tity in each DBI element is calcu-
lated in accordance with various combinations of neighborhood elements. Then, the calculated
value of information quantity is compared with a threshold to de�ne whether the pixel belongs
to the contour.

To de�ne an object of interest by obtained contour points, DBSCAN density clustering
algorithm has been used.

The proposed method of moving objects contours de�nition requires small computational
resources as for each element, only operations of comparison with three neighboring elements
are carried out. The developed method is faster in comparison with the known method in 2{
5.6 times.

The results of modeling of the developed method are shown. The gain in root mean-squared
error of coordinates determination accuracy for the developed method in comparison with the
known subtraction method is 1.5{2.5.

The developed method requires small computational resources; thus, it can be applied in
real-time data processing. The range of variation of objectdimensions in videosequence can
be wide and the number of the moving objects can be priori unknown.

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
Machine Learning and Data Analysis, 2015. Vol. 1 (12).
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1 Ââåäåíèå
Â íåêîòîðûõ ñèñòåìàõ âèäåîíàáëþäåíèÿ, ïðèìåíÿåìûõ, íàïðè ìåð, äëÿ àâòîìàòè÷åñêî-

ãî îáíàðóæåíèÿ ñîáûòèé è êîíòðîëÿ òðàíñïîðòíûõ ïîòîêîâ, íå îáõîäèìî âûäåëèòü è îöå-
íèòü ïàðàìåòðû äâèæóùèõñÿ îáúåêòîâ íà ñðàâíèòåëüíî íåïîäâ èæíîì ôîíå. Êàê ïðà-
âèëî, òàêèå ñèñòåìû äîëæíû ñ áîëüøîé âåðîÿòíîñòüþ îáíàðóæè âàòü îáúåêòû èíòåðåñà.
Ïðè ýòîì äèàïàçîí âàðüèðîâàíèÿ ðàçìåðîâ îáúåêòîâ èíòåðåñà ìîæåò áûòü áîëüøèì, à êî-
ëè÷åñòâî äâèæóùèõñÿ îáúåêòîâ � àïðèîðíî íåèçâåñòíûì. Ïîñê îëüêó õàðàêòåð óñëîâèé
íàáëþäåíèÿ, îïðåäåëÿåìûé êîíêðåòíûì ìåñòîì óñòàíîâêè âèä åîäàò÷èêîâ, êàê ïðàâèëî,
ìàëî ïðåäñêàçóåì, à âû÷èñëèòåëüíûå ðåñóðñû îãðàíè÷åíû, âî çíèêàåò ïîòðåáíîñòü â ðàç-
ðàáîòêå óñòîé÷èâûõ è âìåñòå ñ òåì äîñòàòî÷íî áûñòðîäåéñòâóþùèõ àëãîðèòìîâ àíàëèçà
èçîáðàæåíèé. Íåñìîòðÿ íà çíà÷èòåëüíûå óñïåõè â ýòîé îáëàñò è [1�4], óíèâåðñàëüíûõ ïîä-
õîäîâ, îäèíàêîâî ýôôåêòèâíûõ ïðè âñåì ìíîãîîáðàçèè óñëîâè é íàáëþäåíèÿ, äî ñèõ ïîð
íå íàéäåíî. Ïîýòîìó ðàçðàáîòêà ýôôåêòèâíûõ ìåòîäîâ âûäåëå íèÿ îáúåêòîâ äâèæåíèÿ
â âèäåîïîòîêå, ïîçâîëÿþùèõ â ðåàëüíîì ìàñøòàáå âðåìåíè âûä åëÿòü îáúåêòû èíòåðåñà
ñ âûñîêîé òî÷íîñòüþ, îñòàåòñÿ àêòóàëüíîé çàäà÷åé.

Öåëü äàííîé ðàáîòû � ðàçðàáîòêà ìåòîäà âûäåëåíèÿ äâèæóùèõñ ÿ îáúåêòîâ â ïîñëåäî-
âàòåëüíîñòè êàäðîâ íà ñðàâíèòåëüíî íåïîäâèæíîì ôîíå íà îñí îâå îöåíêè èõ ãðàíèö ïî âû-
÷èñëåííîé âåëè÷èíå êîëè÷åñòâà èíôîðìàöèè, ðåàëèçàöèÿ êîò îðîãî äîñòèãàåòñÿ ìåíüøèìè
âû÷èñëèòåëüíûìè ðåñóðñàìè, ÷åì èçâåñòíûìè ìåòîäàìè è âûñî êîé òî÷íîñòüþ.

2 Ìàòåìàòè÷åñêàÿ ìîäåëü âèäåîïîñëåäîâàòåëüíîñòè
Ïîñêîëüêó ïîñëåäîâàòåëüíîñòè âèäåîêàäðîâ ïðåäñòàâëÿþò ñ îáîé òðåõìåðíûå ñèãíàëû,

äëÿ âûäåëåíèÿ äâèæóùèõñÿ îáúåêòîâ íåîáõîäèìî èñïîëüçîâàò ü ïðîñòðàíñòâåííî-âðåìåí-
íóþ ìàòåìàòè÷åñêóþ ìîäåëü èçîáðàæåíèÿ. Ïðîñòðàíñòâåííî- âðåìåííàÿ ìîäåëü äîëæíà
áûòü àäåêâàòíà ðåàëüíûì ïîñëåäîâàòåëüíîñòÿì èçîáðàæåíèé è îáëàäàòü âûñîêîé âû÷èñ-
ëèòåëüíîé ýôôåêòèâíîñòüþ, ÷òîáû àëãîðèòìû îáðàáîòêè èçîá ðàæåíèé, ñèíòåçèðóåìûå
íà åå îñíîâå, òðåáîâàëè íåáîëüøèõ âû÷èñëèòåëüíûõ ðåñóðñîâ .

Òàêîé ìàòåìàòè÷åñêîé ìîäåëüþ ÿâëÿåòñÿ ìîäåëü íà îñíîâå òðå õìåðíûõ öåïåé Ìàðêî-
âà [5].

Ïðåäïîëàãàåòñÿ, ÷òî öèôðîâûå ïîëóòîíîâûå èçîáðàæåíèÿ (ÖÏ È) â âèäåîïîñëåäîâà-
òåëüíîñòè ïðåäñòàâëåíû g-ðàçðÿäíûìè äâîè÷íûìè ÷èñëàìè. Ýòî ïîçâîëÿåò ðàçáèòü ïîñë å-
äîâàòåëüíîñòü ÖÏÈ íà ïîñëåäîâàòåëüíîñòè g ðàçðÿäíûõ äâîè÷íûõ èçîáðàæåíèé (ÐÄÈ),
êàæäîå èç êîòîðûõ ÿâëÿåòñÿ ñóïåðïîçèöèåé òðåõ ïðîñòûõ öåïå é Ìàðêîâà ñ äâóìÿ ðàâ-
íîâåðîÿòíûìè äèñêðåòíûìè ñîñòîÿíèÿìè M (l )

1 è M (l )
2 è ìàòðèöàìè âåðîÿòíîñòåé ïåðåõî-

äîâ ïî ãîðèçîíòàëè 1� =





 � (l )

ij








2� 2
, âåðòèêàëè2� =






 � (l )

ij








2� 2
è âðåìåíè 4� =






 � (l )

ij








2� 2�
l = 1; : : : ; g; i; j = 1; 2

�
.

Íà ïðèâåäåííîì ôðàãìåíòå ïîñëåäîâàòåëüíîñòè ÐÄÈ (ðèñ. 1) ý ëåìåíò èçîáðàæåíèÿ � (l )
4

çàâèñèò îò ñîñòîÿíèé òðåõ îêðåñòíûõ ýëåìåíòîâ � (l )
i;j;k =

n
� (l )

1 ; � (l )
2 ; � (l )

3

o
, ðàñïîëîæåííûõ

â k-ì è (k � 1)-ì êàäðàõ.
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Ðèñ. 1 Ôðàãìåíò ïîñëåäîâàòåëüíîñòè ÐÄÈ

Êîëè÷åñòâî èíôîðìàöèè â ýëåìåíòå � (l )
4 îòíîñèòåëüíî ñîñòîÿíèé ýëåìåíòîâ îêðåñò-

íîñòè � (l )
i;j;k =

n
� (l )

1 ; � (l )
2 ; � (l )

3

o
ìîæíî îïðåäåëèòü êàê ðàçíîñòü ñîáñòâåííîé èíôîðìàöèè

â ýëåìåíòå � (l )
4 è âçàèìíîé èíôîðìàöèè, ïîëó÷åííîé îò ýëåìåíòîâ îêðåñòíîñò è � (l )

i;j;k [5, 6]:
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ãäå ïðîèçâåäåíèÿ, îáîçíà÷åííûå ñèìâîëîì
Q

, âû÷èñëÿþòñÿ ïî âñåì âîçìîæíûì íåñîâ-
ïàäàþùèì êîìáèíàöèÿì ðàçëè÷íûõ ïîäñòðî÷íûõ èíäåêñîâ òðåõ ìåðíîãî ñëó÷àéíîãî ïî-
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�
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4

�
�
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�
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âåðîÿòíîñòè ïåðåõîäîâ â òðåõìåðíîé öåïè Ìàðêîâà.
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ãäå� (�) � äåëüòà-ôóíêöèÿ.
Â òðåõìåðíîé ìàòåìàòè÷åñêîé ìîäåëè âåðîÿòíîñòè ñìåíû ñîñò îÿíèé ýëåìåíòà � (l )

4 çà-
âèñÿò îò ðàçëè÷íûõ ñî÷åòàíèé ñîñòîÿíèé ýëåìåíòîâ îêðåñòíî ñòè � (l )

i;j;k è èõ êîððåëÿöèè
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ñ ýëåìåíòîì � (l )
4 . Âñå âîçìîæíûå çíà÷åíèÿ ýòèõ âåðîÿòíîñòåé äëÿ ðàçëè÷íûõ êî ìáèíàöèé

ñîñòîÿíèé ýëåìåíòîâ îêðåñòíîñòè � (l )
i;j;k ìîãóò áûòü âû÷èñëåíû â ñîîòâåòñòâèè ñ àðãóìåí-

òîì âûðàæåíèÿ (1) è ñâåäåíû â ìàòðèöó � âèäà:
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; i; j = 1; 2; i 6= j; (3)

ýëåìåíòû êîòîðîé ñèììåòðè÷íû è óäîâëåòâîðÿþò óñëîâèþ íîðì èðîâêè � q + � 0(l )
q = 1.

Íàïðèìåð, âûðàæåíèÿ äëÿ âû÷èñëåíèÿ ýëåìåíòîâ ïåðâîé ñòðîê è ìàòðèöû � èìåþò
âèä:

� (l )
1 = � (l )

iiii =
1� (l )

ii � 2� (l )
ii � 4� (l )

ii � 7� (l )
ii

3� (l )
ii � 5� (l )

ii � 6� (l )
ii

; � 0(l )
1 = � (l )

iiij =
1� (l )

ij � 2� (l )
ij � 4� (l )

ij � 7� (l )
ii

3� (l )
ii � 5� (l )

ii � 6� (l )
ii

; (4)

ãäå r � (l )
ii (r = 1; : : : ; 7) � ýëåìåíòû ìàòðèö âåðîÿòíîñòåé ïåðåõîäîâ â îäíîìåðíûõ öåïÿ õ

Ìàðêîâà ñ äâóìÿ ñîñòîÿíèÿìè ïî ãîðèçîíòàëè 1� (l ) , âåðòèêàëè2� (l ) , âðåìåíè 4� (l ) è ÷å-
òûðåõ ñîïóòñòâóþùèõ ìàòðèö âåðîÿòíîñòåé ïåðåõîäîâ:

3� (l ) = 1� (l ) � 2� (l ) ; 5� (l ) = 1� (l ) � 4� (l ) ; 6� (l ) = 2� (l ) � 4� (l ) ; 7� (l ) = 3� (l ) � 4� (l ) : (5)

Âû÷èñëåíèå îñòàëüíûõ ýëåìåíòîâ ìàòðèöû � (l ) îñóùåñòâëÿåòñÿ â ñîîòâåòñòâèè ñ ñî-
ñòîÿíèåì ýëåìåíòîâ îêðåñòíîñòè � (l )

i;j;k .

3 Ìåòîä âûäåëåíèÿ äâèæóùèõñÿ îáúåêòîâ
Â äàííîé ðàáîòå äëÿ îáíàðóæåíèÿ îáúåêòîâ èíòåðåñà ïðåäëîæå íî âûäåëÿòü èõ êîí-

òóðû. Êîíòóðû ÿâëÿþòñÿ íàèáîëåå èíôîðìàòèâíûìè ñîñòàâëÿþ ùèìè èçîáðàæåíèÿ. Ïî
êîíòóðàì ìîæíî îïðåäåëèòü ðàçìåð, ôîðìó, ïîëîæåíèå îáúåêò à, ïîâûñèòü òî÷íîñòü îïðå-
äåëåíèÿ êîîðäèíàò äâèæóùèõñÿ îáúåêòîâ è ò. ä. Çà ñ÷åò òîãî ÷òî êîíòóðíûå òî÷êè ñî-
ñòàâëÿþò íåçíà÷èòåëüíóþ ÷àñòü âñåõ òî÷åê íà èçîáðàæåíèÿõ,ðàáîòà ñ íèìè ïîçâîëÿåò
ñîêðàòèòü îáúåì çàïîìèíàþùèõ óñòðîéñòâ, ïîâûñèòü áûñòðîä åéñòâèå öèôðîâûõ ñèñòåì
îáðàáîòêè èçîáðàæåíèé, óëó÷øèòü ìàññîãàáàðèòíûå õàðàêòåðèñòèêè è ñíèçèòü ýíåðãîïî-
òðåáëåíèå.

Íà ðèñ. 2 ïðåäñòàâëåíû çàâèñèìîñòè âåðîÿòíîñòåé ïåðåõîäîâ ìåæäó ñîñòîÿíèÿìè ýëå-
ìåíòîâ â ïîñëåäîâàòåëüíîñòè ÐÄÈ ïî ãîðèçîíòàëè, âåðòèêàëè è ìåæäó êàäðàìè îò íîìåðà
ðàçðÿäà ÖÏÈ. Ãðàôèêè ïîëó÷åíû óñðåäíåíèåì ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê ïî áîëü-
øîìó êîëè÷åñòâó ðåàëüíûõ èçîáðàæåíèé, ïîëó÷åííûõ ñòàöèîí àðíîé âèäåîêàìåðîé, àíà-
ëîãè÷íûõ ðèñ. 4 (ñì. ðàçä. 4).

Èç ïðèâåäåííîãî ãðàôèêà âèäíî, ÷òî íàèáîëüøåé êîððåëÿöèåé îáëàäàþò ýëåìåíòû,
ðàñïîëîæåííûå â ñòàðøèõ ðàçðÿäàõ ÖÏÈ. Ïîýòîìó êîíòóðû îñíî âíûõ äåòàëüíûõ îáëà-
ñòåé ìîæíî âûäåëèòü ïî ÐÄÈ ñòàðøèõ ðàçðÿäîâ ÖÏÈ.

Äëÿ âûäåëåíèÿ êîíòóðîâ äâèæóùèõñÿ îáúåêòîâ â êàæäîì ýëåìåí òå ÐÄÈ â ñîîò-
âåòñòâèè ñ ñîñòîÿíèÿìè ýëåìåíòîâ îêðåñòíîñòè âû÷èñëÿþò âå ëè÷èíó êîëè÷åñòâà èí-
ôîðìàöèè (1). Äëÿ âèäåîïîñëåäîâàòåëüíîñòåé, ïîëó÷åííûõ ñ òàöèîíàðíîé âèäåîêàìåðîé
ïðè íåèçìåííîì óðîâíå îñâåùåííîñòè, áóäåò õàðàêòåðíî íåçí à÷èòåëüíîå èçìåíåíèå âåðî-
ÿòíîñòåé ïåðåõîäîâ ìåæäó ýëåìåíòàìè èçîáðàæåíèÿ îò êàäðà ê êàäðó â òå÷åíèå äëèòåëü-
íîãî ïðîìåæóòêà âðåìåíè. Ïîýòîìó ïðåäïîëàãàëîñü, ÷òî âåðî ÿòíîñòè ïåðåõîäîâ ìåæäó
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Ðèñ. 2 Çàâèñèìîñòè âåðîÿòíîñòåé ïåðåõîäîâ ìåæäó ñîñòîÿíèÿìè ýëå ìåíòîâ â ïîñëåäîâàòåëüíîñòè
ÐÄÈ (8 � ñòàðøèé ðàçðÿä; 1 � ìëàäøèé ðàçðÿä)

ýëåìåíòàìè âèäåîïîñëåäîâàòåëüíîñòè ïîñòîÿííû è àïðèîðíî èçâåñòíû, ïðè÷åì êîððåëÿ-
öèÿ ýëåìåíòîâ ìåæäó êàäðàìè (4� ij ) áîëüøå, ÷åì âíóòðè êàäðà (1� ii ; 2� ii ) (ñì. ðèñ. 2).

Ïðè îòñóòñòâèè îáúåêòà (êîíòðàñòíîé îáëàñòè) ñîñòîÿíèÿ îê ðåñòíûõ ýëåìåíòîâ � (l )
i;j;k

áóäóò ñîâïàäàòü ñ� (l )
4 è êîëè÷åñòâî èíôîðìàöèè â ýëåìåíòå � (l )

4 áóäåò ìèíèìàëüíî.
Ïðè íàëè÷èè íåïîäâèæíîãî îáúåêòà, íà åãî ãðàíèöå ñîñòîÿíèå ýëåìåíòà � (l )

4 áóäåò ñîâ-
ïàäàòü ñ ñîñòîÿíèåì ýëåìåíòà � (l )

4 â (k � 1)-ì êàäðå è íå ñîâïàäàòü ñ îäíèì èëè äâóìÿ
îêðåñòíûìè ýëåìåíòàìè â k-ì êàäðå è êîëè÷åñòâî èíôîðìàöèè â � (l )

4 âîçðàñòåò.
Ïðè ñìåùåíèè îáúåêòà ýëåìåíò � (l )

4 áóäåò èìåòü ðàçëè÷íûå ñîñòîÿíèÿ ñ ýëåìåíòîì � (l )
3

â (k � 1)-ì êàäðå è ñ îäíèì èëè äâóìÿ îêðåñòíûìè ýëåìåíòàìè â k-ì êàäðå è êîëè÷å-
ñòâî èíôîðìàöèè â ýëåìåíòå � (l )

4 åùå áîëåå óâåëè÷èòñÿ. Ïðè ýòîì ÷åì áîëüøå êîððåëÿöèÿ
ìåæäó ñîñåäíèìè êàäðàìè, ÷òî õàðàêòåðíî äëÿ âèäåîïîñëåäîâ àòåëüíîñòåé, ïîëó÷åííûõ
íåïîäâèæíûì äàò÷èêîì, òåì áîëüøå èíôîðìàöèè áóäåò â ýëåìåí òå � (l )

4 ïðè ñìåùåíèè
îáúåêòîâ.

Ñðàâíèâàÿ çíà÷åíèÿ âû÷èñëåííîé âåëè÷èíû êîëè÷åñòâà èíôîð ìàöèè â ýëåìåíòå èçîá-
ðàæåíèÿ ñ ïîðîãîì, îïðåäåëÿåì ïðèíàäëåæíîñòü äàííîé òî÷êè êîíòóðó. Çíà÷åíèå ïîðîãà h
îïðåäåëÿþò ïî âû÷èñëåííîé âåëè÷èíå êîëè÷åñòâà èíôîðìàöèè â ýëåìåíòå � (l )

4 l -ãî ÐÄÈ:

h =
I

�
� (l )

4 = M (l )
i

�
�
� � (l )

1 = M (l )
i ; � (l )

2 = M (l )
j ; � (l )

3 = M (l )
j

�

2
+

+
I

�
� (l )

4 = M (l )
i

�
�
� � (l )

1 = M (l )
j ; � (l )

2 = M (l )
j ; � (l )

3 = M (l )
i

�

2
: (6)

Ïðåäëîæåííûé ìåòîä âûäåëåíèÿ êîíòóðîâ äâèæóùèõñÿ îáúåêòî â òðåáóåò íåáîëüøèõ
âû÷èñëèòåëüíûõ ðåñóðñîâ, îïðåäåëÿåìûõ îïåðàöèÿìè ñðàâíå íèÿ ñ òðåìÿ îêðåñòíûìè ýëå-
ìåíòàìè. Íà ðèñ. 3 ïðèâåäåíî ñðàâíåíèå âî âðåìåíè îáðàáîòêè èçîáðàæåíèé ðàçíîé ðàç-
ìåðíîñòè ïðåäëîæåííûì ìåòîäîì íà îñíîâå òðåõìåðíûõ öåïåé Ì àðêîâà, ïîçâîëÿþùèì
îïðåäåëèòü êîíòóðû äâèæóùèõñÿ îáúåêòîâ, à òàêæå ìåòîäàìè, âûäåëÿþùèìè êîíòóðû
ïîäâèæíûõ è íåïîäâèæíûõ îáúåêòîâ: íà îñíîâå äâóìåðíûõ öåïå é Ìàðêîâà [7] è èçâåñò-
íûìè ìåòîäàìè Ðîáåðòñà, Ïðåâèòòà, Ñîáåëà è Êàííè [1�4, 8].
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Ðèñ. 3 Âðåìÿ îáðàáîòêè èçîáðàæåíèé ìåòîäàìè: 1 � íà îñíîâå äâóìåðíî é öåïè Ìàðêîâà; 2 �
íà îñíîâå òðåõìåðíîé öåïè Ìàðêîâà; 3 � Ðîáåðòñà, Ïðåâèòòà è Ñ îáåëà; 4 � Êàííè

Èññëåäîâàíèå ïðîâîäèëîñü â îïåðàöèîííîé ñèñòåìå Windows 7 íà ïðîöåññîðå Intel Core
i7-3770,3;4 ÃÃö. Ïîëó÷åííûå îöåíêè ïî âðåìåíè ðàçðàáîòàííîãî ìåòîäà ñâ èäåòåëüñòâóþò
î åãî ïðåèìóùåñòâàõ ïî ñðàâíåíèþ ñ ðàñïðîñòðàíåííûìè ìåòîä àìè âûäåëåíèÿ ãðàíèö
(äî 2� 5;6 ðàç). Ñëåäóåò îòìåòèòü, ÷òî äâóìåðíûå àëãîðèòìû âûäåëÿþò ê îíòóðû âñåõ êîí-
òðàñòíûõ îáëàñòåé íà èçîáðàæåíèè, ïîýòîìó äëÿ îáíàðóæåíèÿ ïîäâèæíûõ îáúåêòîâ ïî-
òðåáóþòñÿ åùå äîïîëíèòåëüíûå ïðåîáðàçîâàíèÿ èçîáðàæåíèÿ , ÷òî ïðèâåäåò ê óâåëè÷åíèþ
âû÷èñëèòåëüíûõ è âðåìåíí �ûõ ðåñóðñîâ.

Ðåçóëüòàòîì îáðàáîòêè èçîáðàæåíèé àëãîðèòìîì íà îñíîâå òð åõìåðíûõ öåïåé Ìàðêî-
âà ÿâëÿåòñÿ ñîâîêóïíîñòü êîíòóðíûõ òî÷åê, â êîòîðûõ ïðîèñõ îäèò äâèæåíèå îäíîãî èëè
íåñêîëüêèõ îáúåêòîâ èíòåðåñà, à òàêæå òî÷åê, ïðåäñòàâëÿþùèõ ñîáîé øóì, âûçâàííûé,
íàïðèìåð, äâèæåíèåì ëèñòüåâ íà äåðåâüÿõ, áëèêàìè è ò. ï. Ïðè ýòîì êîíòóðíûå òî÷êè,
ïðèíàäëåæàùèå îáúåêòó èíòåðåñà, ÿâëÿþòñÿ ñâÿçíûìè è èìåþò áîëüøóþ ïðîòÿæåííîñòü
â îòëè÷èå îò êîíòóðíûõ òî÷åê, ïðåäñòàâëÿþùèõ ñîáîé øóì.

Äëÿ ðåøåíèÿ çàäà÷è âûäåëåíèÿ îáúåêòà èíòåðåñà íåîáõîäèìî â ûäåëèòü òî÷êè, êîòî-
ðûå íàèëó÷øèì îáðàçîì ïðåäñòàâëÿþò îáúåêò. Â äàííîé ðàáîòå èñïîëüçîâàí ïëîòíîñòíûé
àëãîðèòì êëàñòåðèçàöèè DBSCAN [9]. Â îòëè÷èå îò äðóãèõ èçâåñòíûõ àëãîðèòìîâ êëàñòå-
ðèçàöèè, íàïðèìåð k-means, BIRCH, Fuzzy C-means, CURE, àëãîðèòì DBSCAN íå òðåáóåò
çàäàíèÿ ÷èñëà êëàñòåðîâ, ÷òî ïîçâîëÿåò îáíàðóæèâàòü ïðîèç âîëüíîå ÷èñëî îáúåêòîâ. Òàê-
æå àëãîðèòì ïîçâîëÿåò âûäåëÿòü êëàñòåðû ïðîèçâîëüíîé ôîðì û â îòëè÷èå îò áîëüøèí-
ñòâà àëãîðèòìîâ, ãäå ôîðìà ñîçäàâàåìûõ êëàñòåðîâ áëèçêà ê ñôåðè÷åñêîé. Äëÿ ðàáîòû
àëãîðèòìà òðåáóåòñÿ çàäàíèå äâóõ ïàðàìåòðîâ: ìàêñèìàëüíû é ðàçìåð îáëàñòè " è òðåáó-
åìîå êîëè÷åñòâî òî÷åê, íàõîäÿùèõñÿ íà ðàññòîÿíèè " îò òåêóùåé òî÷êè.

Êîîðäèíàòû äâèæóùåãîñÿ îáúåêòà ñîîòâåòñòâóþò öåíòðó ïðÿì îóãîëüíîãî îêíà, â êî-
òîðîå âïèñûâàåòñÿ îáúåêò èíòåðåñà.
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Ðèñ. 4 Ñîâìåùåííûå êàäðû âèäåîïîñëåäîâàòåëüíîñòè

(à) Êîíòóðíûå èçîáðàæåíèÿ

(á) Èçîáðàæåíèÿ ñ âûäåëåííûìè îáúåêòàìè

Ðèñ. 5 Êàäðû âèäåîïîñëåäîâàòåëüíîñòè ñ âûäåëåííûìè îáúåêòàìè

4 Ðåçóëüòàòû èññëåäîâàíèé

Ïðè âûïîëíåíèè èññëåäîâàíèÿ ýôôåêòèâíîñòè ðàçðàáîòàííîã î ìåòîäà èñïîëüçîâàëèñü
íåñêîëüêî âèäåîïîñëåäîâàòåëüíîñòåé ñðåäíåé äëèòåëüíîñò üþ 300 êàäðîâ. Äëÿ îöåíêè êà-
÷åñòâà âûäåëåíèÿ äâèæóùåãîñÿ îáúåêòà âû÷èñëÿëàñü âåðîÿòíîñòü ïðàâèëüíîãî âûäåëåíèÿ
îáúåêòà èíòåðåñà è ñðåäíåêâàäðàòè÷åñêàÿ îøèáêà (ÑÊÎ) îïðåäåëåíèÿ êîîðäèíàò îáúåêòà
èíòåðåñà.

Íà ðèñ. 4 ïîêàçàí ôðàãìåíò âèäåîïîñëåäîâàòåëüíîñòè, â êîòî ðîì òðè ñîñåäíèõ êàäðà
ñîâìåùåíû äëÿ âèçóàëüíîé îöåíêè ïåðåäâèæåíèÿ îáúåêòà. Íà ð èñ. 5 ïðèâîäÿòñÿ êîíòóð-
íûå (ðèñ. 5, à) è âûäåëåííûå ïðÿìîóãîëüíûì îêíîì îáúåêòû (ðè ñ. 5, á).

Â ðåçóëüòàòå âûäåëåíèÿ îáúåêòîâ èíòåðåñà âîçíèêàþò îøèáêè äâóõ òèïîâ: íà êîíòóð-
íîì èçîáðàæåíèè îáúåêò èíòåðåñà îïðåäåëåí (êàê ñîâîêóïíîñ òü òî÷åê øóìà), â òî âðåìÿ
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Ðèñ. 6 Çàâèñèìîñòü âåðîÿòíîñòè ïðàâèëüíîãî âûäåëåíèÿ îáúåêòà îò íîìåðà êàäðà

êàê íà ðåàëüíîì èçîáðàæåíèè îí îòñóòñòâóåò; íà êîíòóðíîì èç îáðàæåíèè îáúåêò íå âû-
äåëåí (íàïðèìåð, â ðåçóëüòàòå ÷àñòè÷íîãî çàñëîíåíèÿ äðóãè ì îáúåêòîì), à íà ðåàëüíîì
èçîáðàæåíèè îí èìååòñÿ.

Âåðîÿòíîñòü ïðàâèëüíîãî âûäåëåíèÿ îáúåêòà èíòåðåñà îïðåä åëÿëàñü êàê îòíîøåíèå
êîëè÷åñòâà âåðíî âûäåëåííûõ îáúåêòîâ (NÂ) ê îáùåìó êîëè÷åñòâó äâèæóùèõñÿ îáúåê-
òîâ (N Î ) â âèäåîïîñëåäîâàòåëüíîñòè:

Pïð =
NÂ

N Î
: (7)

Äëÿ ïðèâåäåííîé âèäåîïîñëåäîâàòåëüíîñòè îáùàÿ âåðîÿòíîñ òü ïðàâèëüíîãî îïðåäåëå-
íèÿ îáúåêòà èíòåðåñà ñîñòàâèëà0;75, ÷òî âûçâàíî ñêðûòèåì îáúåêòà èíòåðåñà ïðåïÿò-
ñòâèåì. Ðàçìåðû îáúåêòîâ èíòåðåñà âàðüèðîâàëèñü îò 30� 30 äî 120� 120 ïèêñåëåé. Êî-
ëè÷åñòâî îäíîâðåìåííî ïðèñóòñòâóþùèõ îáúåêòîâ â êàäðå ìåí ÿëîñü íà ïðîòÿæåíèè âñåé
âèäåîïîñëåäîâàòåëüíîñòè, íî íå ïðåâûøàëî äâóõ. Çàâèñèìîñ òü âåðîÿòíîñòè ïðàâèëüíîãî
âûäåëåíèÿ îáúåêòà â òåñòîâîé âèäåîïîñëåäîâàòåëüíîñòè îò í îìåðà êàäðà ïðåäñòàâëåíà
íà ðèñ. 6.

Êàäðû, â êîòîðûõ âåðîÿòíîñòü ïðàâèëüíîãî âûäåëåíèÿ îáúåêò à èíòåðåñà ðàâíà íóëþ,
ñîîòâåòñòâóþò ñèòóàöèè ñ çàñëîíåíèåì îáúåêòà èíòåðåñà. Äëÿ äðóãèõ âèäåîïîñëåäîâà-

Ðèñ. 7 Ñðàâíåíèå ÑÊÎ îïðåäåëåíèÿ êîîðäèíàò äâèæóùèõñÿ îáúåêòîâ ð àçíûìè ìåòîäàìè
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òåëüíîñòåé, â êîòîðûõ íå ïðîèñõîäèò ñêðûòèå îáúåêòîâ èíòåð åñà, âåëè÷èíà ïðàâèëüíîãî
âûäåëåíèÿ äîñòèãàåò 0,91�0,95.

Òàêæå äëÿ îöåíêè êà÷åñòâà ðàáîòû àëãîðèòìà âû÷èñëÿëàñü íîðìèðîâàííàÿ ÑÊÎ îöåí-
êè êîîðäèíàò äâèæóùåãîñÿ îáúåêòà:

ÑÊÎ =
1
L

q
� 2

x + � 2
y ; (8)

ãäåL � ïîëîâèíà äèàãîíàëè ïðÿìîóãîëüíîãî îêíà, îáðàìëÿþùåãî îá úåêò èíòåðåñà â èäå-
àëüíîì ñëó÷àå; � x è � y � ñìåùåíèå êîîðäèíàò öåíòðà äâèæóùåãîñÿ îáúåêòà ïî ãîðè-
çîíòàëè è âåðòèêàëè îò èõ èñòèííîãî çíà÷åíèÿ, êîòîðîå îïðåä åëÿëîñü ïî âûäåëåííîìó
ïîëüçîâàòåëåì îáúåêòó (ò. å. âðó÷íóþ) êàê ïåðåñå÷åíèå äèàãîíàëåé ïðÿìîóãîëüíîãî îêíà.

Ïðè âûïîëíåíèè èññëåäîâàíèÿ ñðàâíèâàëèñü ðåçóëüòàòû ÑÊÎ î öåíêè êîîðäèíàò ðàç-
ðàáîòàííûì è èçâåñòíûì ðàçíîñòíûì ìåòîäîì [2]. Ðåçóëüòàòû ñðàâíåíèÿ ÑÊÎ äâóìÿ ìå-
òîäàìè íà íåñêîëüêèõ êàäðàõ ïîñëåäîâàòåëüíîñòè (ñì. ðèñ. 4 ) ïðåäñòàâëåíû íà ðèñ. 7. Ïðè
îöåíêå âñåé âèäåîïîñëåäîâàòåëüíîñòè èç 300 êàäðîâ ÑÊÎ ðàçð àáîòàííîãî êîíòóðíîãî ìå-
òîäà ìåíüøå ðàçíîñòíîãî â 2 ðàçà. Äëÿ áîëüøèíñòâà âèäåîïîñë åäîâàòåëüíîñòåé âûèãðûø
â ÑÊÎ äëÿ ðàçðàáîòàííîãî ìåòîäà ïî ñðàâíåíèþ ñ ðàçíîñòíûì ñî ñòàâëÿåò 1,5�2,5.

5 Çàêëþ÷åíèå
Èç ïðèâåäåííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ïðåäëîæåííûé ìåòî ä âûäåëåíèÿ äâèæóùèõ-

ñÿ îáúåêòîâ â âèäåîïîòîêå, îñíîâàííûé íà âû÷èñëåíèè êîëè÷å ñòâà èíôîðìàöèè â ýëåìåí-
òàõ èçîáðàæåíèÿ, ïîçâîëÿåò îïðåäåëèòü êîîðäèíàòû äâèæóùå ãîñÿ îáúåêòà ñ òî÷íîñòüþ,
ïðåâûøàþùåé ðàçíîñòíûé ìåòîä. Ðàçðàáîòàííûé ìåòîä òðåáóå ò íåáîëüøèõ âû÷èñëèòåëü-
íûõ ðåñóðñîâ, ÷òî äåëàåò âîçìîæíûì åãî ïðèìåíåíèå ïðè îáðàá îòêå äàííûõ â ðåàëüíîì
ìàñøòàáå âðåìåíè.
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Î ìîäåëÿõ íåéðîíîâ àãðåãèðóþùåãî òèïà �
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1Ìîñêîâñêèé ïåäàãîãè÷åñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Ìîñêâà

2Èíñòèòóò ïðèêëàäíîé ìàòåìàòèêè è àâòîìàòèçàöèè, Íàëü÷èê

Îïèñàí íîâûé êëàññ ìîäåëåé èñêóññòâåííûõ íåéðîíîâ àãðåãèð óþùåãî òèïà. Ìîäåëè
àãðåãèðóþùèõ íåéðîíîâ ñòðîÿòñÿ íà îñíîâå ñëåäóþùèõ ïðèíöè ïîâ: (1) âñå âêëàäû ñè-
íàïñîâ ñóììèðóþòñÿ ïðè ïîìîùè àãðåãèðóþùåé îïåðàöèè; (2) â êëàäû ïðîñòûõ ñèíàïñîâ,
êîòîðûå îáðàçóþò ñëîæíûé ñèíàïñ èëè ñèíàïòè÷åñêèé êëàñòåð , ïðåîáðàçóþòñÿ òàêæå ïðè
ïîìîùè íåêîòîðîé äðóãîé àãðåãèðóþùåé îïåðàöèè. Îíè îõâàòû âàþò áîëüøóþ ÷àñòü ìî-
äåëåé èñêóññòâåííûõ íåéðîíîâ ôóíêöèîíàëüíîãî òèïà. Äëÿ êë àññà àãðåãèðóþùèõ íåéðî-
íîâ, îáîáùàþùèõ ìîäåëü �� -íåéðîíà, ïîêàçàíî, ÷òî îíè ìîãóò áûòü êîððåêòíî îáó÷åíû
ïî êîíå÷íûì íàáîðàì ïðåöåäåíòîâ.

Êëþ÷åâûå ñëîâà : íåéðîííàÿ ñåòü; ìîäåëü íåéðîíà; àãðåãèðóþùàÿ îïåðàöèÿ
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A new class of models of arti�cial neurons is described in this work. These models are based
on the following principles: (i ) contributions of synapses are summed with the help of certain
aggregation operation; and (ii ) contribution of complex synapse or synaptic cluster is computed
with the help of another aggregation operation on the set of simple synapses. These models
include a big part of the known functional models of neurons.For a class of the aggregating
neurons generalizing model ��-neuron, it is shown that they can be correctly trained on the
�nal sets of precedents.
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Â îäíîì èç ïîäõîäîâ èñêóññòâåííàÿ íåéðîííàÿ ñåòü (äàëåå ïðîñòî íåéðîííàÿ ñåòü)
ðàññìàòðèâàåòñÿ êàê íàïðàâëåííûé ãðàô, â óçëàõ êîòîðîãî íà õîäÿòñÿ íåéðîíû . Êàæäûé
íåéðîí â ñåòè èìååò (1) íåñêîëüêî âõîäíûõ êàíàëîâ îò äðóãèõ í åéðîíîâ èëè îò âõîäîâ
ñåòè è (2) òîëüêî îäèí âûõîäíîé êàíàë äëÿ ïåðåäà÷è íà âûõîä íå éðîííîé ñåòè èëè, ðàç-
âåòâëÿÿñü, íà âõîäû äðóãèõ íåéðîíîâ.

Çíà÷èòåëüíûå êëàññû íåéðîííûõ ñåòåé � íåéðîííûå ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ .
Îíè ðàçäåëÿþòñÿ íà ñëîè, òàê ÷òî (1) íåéðîíû, ïðèíàäëåæàùèå îäíîìó ñëîþ, íå ñâÿçàíû
äðóã ñ äðóãîì ïî âõîäàì è âûõîäàì; (2) âûõîäû íåéðîíîâ â ñëîå ï îñòóïàþò íà âõîä íåé-
ðîíîâ èç äðóãîãî ñëîÿ èëè íà âûõîä ñåòè. Ñëîè ïðîíóìåðîâàíû, òàê ÷òî íà âõîä íåéðîíîâ
ìîãóò ïîñòóïàòü ñèãíàëû èç ñëîÿ òîëüêî ñ ìåíüøèì íîìåðîì èëè îò âõîäîâ ñåòè.

Íåéðîíû ãîëîâíîãî ìîçãà ÿâëÿþòñÿ ñëîæíûìè åãî ýëåìåíòàìè. Îíè èìåþò ðàçâåòâëåí-
íóþ äåíäðèòíóþ ñèñòåìó , â êîòîðóþ ñèãíàëû ïîñòóïàþò îò äðóãèõ íåéðîíîâ èëè âõîäîâ

� Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòà ÐÔÔÈ •15-01-03381à.

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
Machine Learning and Data Analysis, 2015. Vol. 1 (12).
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íåéðîííîé ñåòè ïðè ïîìîùè ñèíàïñîâ . Ñèíàïñû ìîãóò áûòü êàê ïðîñòûå, êîãäà â èõ îáðà-
çîâàíèè ó÷àñòâóåò åäèíñòâåííûé âõîä, òàê è ñëîæíûå, êîãäà â èõ îáðàçîâàíèè ó÷àñòâóþò
îäíîâðåìåííî íåñêîëüêî âõîäîâ. Òàêæå ìîãóò èìåòü ìåñòî ïðî ñòðàíñòâåííî ëîêàëèçîâàí-
íûå ñèíàïòè÷åñêèå êëàñòåðû, êîòîðûå îáðàçóþò çîíû äåíäðèòíîé ñèñòåìû, ãäå îáðàáîòêà
èíôîðìàöèè âåäåòñÿ íåçàâèñèìî îò äðóãèõ çîí. Ïðè ýòîì âíóòð è êëàñòåðà ñèíàïñû ìîãóò
òàêæå îêàçûâàòü âëèÿíèå äðóã íà äðóãà.

Äëÿ îïèñàíèÿ ïðåîáðàçîâàíèÿ ñèãíàëîâ â íåéðîíå ââîäèòñÿ ïî íÿòèå ñóììàðíîãî ïî-
òåíöèàëà íåéðîíà , êîòîðûé çàòåì ïðåîáðàçóåòñÿ â âûõîä íåéðîíà. Âõîäû íåéðîí à ïðåîá-
ðàçóþòñÿ ïîñðåäñòâîì ñèíàïñîâ è âíîñÿò îïðåäåëåííûé âêëàä â óâåëè÷åíèå èëè óìåíü-
øåíèå ñóììàðíîãî ïîòåíöèàëà íåéðîíà. Äåíäðèòíàÿ ñèñòåìà í åéðîíà àãðåãèðóåòâêëàäû
ñèíàïñîâ è ôîðìèðóåò ñóììàðíûé ïîòåíöèàë íåéðîíà. Íà åãî îñ íîâå ãåíåðèðóåòñÿ âûõîä-
íîé ñèãíàë íåéðîíà.

Ñóùåñòâóþò ðàçíûå òèïû ìîäåëåé íåéðîíà, íàïðèìåð ñòîõàñòè ÷åñêèå ìîäåëè, êîãäà
ïðîöåññ ïðåîáðàçîâàíèÿ èíôîðìàöèè â íåéðîíå ðàññìàòðèâàå òñÿ êàê ñëó÷àéíûé ïðîöåññ.
Â äåòåðìèíèðîâàííûõ ìîäåëÿõ íåéðîíà åãî âûõîä è åãî âõîäû ñâ ÿçàíû ïðè ïîìîùè äå-
òåðìèíèðîâàííîé ôóíêöèîíàëüíîé çàâèñèìîñòè. Çäåñü ðàññì àòðèâàþòñÿôóíêöèîíàëüíûå
ìîäåëè íåéðîíîâ, â êîòîðûõ çíà÷åíèå íà âûõîäå ÿâëÿåòñÿ äåòåðìèíèð îâàííîé ôóíêöèåé
îò çíà÷åíèé íà âõîäàõ íåéðîíà. Ðàçëè÷íûå ôóíêöèîíàëüíûå ìî äåëè íåéðîíà ïîëó÷àþòñÿ
â çàâèñèìîñòè îò òîãî (1) êàê ìîäåëèðóþòñÿ ïðîñòûå è ñëîæíûå ñèíàïñû; (2) êàêèå ìî-
äåëè èñïîëüçóþòñÿ äëÿ îïèñàíèÿ ñèíàïòè÷åñêèõ êëàñòåðîâ; ( 3) êàê àãðåãèðóþòñÿ âêëàäû
ñèíàïñîâ.

Áîëüøàÿ ÷àñòü òåîðåòè÷åñêèõ èññëåäîâàíèé ïðîâîäèëàñü äëÿíåéðîííûõ ñåòåé, ïîñòðî-
åííûõ íà îñíîâå êëàññè÷åñêèõ íåéðîíîâ âèäà:

y = � (w0 + w1x1 + � � � + wnxn );

ãäå � � ñèãìîèäàëüíàÿ ôóíêöèÿ. Áûë ïîëó÷åí ðÿä òåîðåòè÷åñêèõ ðåç óëüòàòîâ, êîòîðûå
õàðàêòåðèçóþò ñïîñîáíîñòè òàêèõ íåéðîííûõ ñåòåé ïî àïïðîê ñèìàöèè çàâèñèìîñòåé. Ïåð-
âûé èç íèõ � ýòî àïðîêñèìàöèîííûé âàðèàíò òåîðåìû Êîëìîãîðî âà [1, 2], â ñîîòâåòñòâèè
ñ êîòîðîé ëþáàÿ íåïðåðûâíàÿ ôóíêöèÿ ìîæåò áûòü àïðîêñèìèðî âàíà ñ ëþáîé íàïåðåä
çàäàííîé òî÷íîñòüþ " > 0 ôóíêöèÿìè îäíîé ïåðåìåííîé ñëåäóþùèì îáðàçîì:

f (x1; : : : ; xn ) �
MX

q=1

dq�

 
NX

p=1

aqp�
�
bqpx i (qp) + cqp

�
+ uq

!

;

îäíàêî N è M ðàñòóò ýêñïîíåíöèàëüíî ïðè " ! 0.
Ïîçæå áûëè ïîëó÷åíû èíòåðåñíûå ðåçóëüòàòû [3], èç êîòîðûõ ñ ëåäóåò, ÷òî ëþáàÿ íåïðå-

ðûâíàÿ ôóíêöèÿ ìîæåò áûòü àïðîêñèìèðîâàíà ñ ëþáîé íàïåðåä ç àäàííîé òî÷íîñòüþ " > 0
ñëåäóþùèì îáðàçîì:

f (x1; : : : ; xn ) �
4n+3X

q=1

dq�

 
2n+1X

p=1

cqp� (wpq � x + � pq)

!

;

ãäå � � ñòðîãî ìîíîòîííàÿ ñèãìîèäàëüíàÿ áåñêîíå÷íî íåïðåðûâíî ä èôôåðåíöèðóåìàÿ
ôóíêöèÿ. Ñòðóêòóðà íåéðîííîé ñåòè ôèêñèðîâàíà äëÿ ëþáîé íå ïðåðûâíîé ôóíêöèè f .
Îäíàêî � � êàòàñòðîôè÷åñêè ñëîæíî óñòðîåííàÿ ôóíêöèÿ è ïîýòîìó òðóä íî âû÷èñëè-
ìàÿ (ò. å. ñëîæíîñòü âû÷èñëåíèé ýêñïîíåíöèîíàëüíî áûñòðî ð àñòåò ïî ìåðå óâåëè÷åíèÿ
òî÷íîñòè âû÷èñëåíèÿ çíà÷åíèÿ ôóíêöèè). Ìîæíî áûëî áû ñäåëà òü çàêëþ÷åíèå, ÷òî ýòîò
ðåçóëüòàò ñòàâèò ïîä ñîìíåíèå ïðàêòè÷åñêóþ öåííîñòü èñêóññòâåííûõ íåéðîííûõ ñåòåé
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ñ îãðàíè÷åííîé ñòðóêòóðíîé ñëîæíîñòüþ (ò. å. êîãäà ÷èñëî íåéðîíîâ â êàæäîì ñëîå íåé-
ðîííîé ñåòè çàâèñèò òîëüêî îò n è íå çàâèñèò îò ") êàê óíèâåðñàëüíîãî èíñòðóìåíòà äëÿ
àïðîêñèìàöèè çàâèñèìîñòåé. Îäíàêî íóæíî ïðèíÿòü âî âíèìàí èå òîò ôàêò, ÷òî íåéðîí-
íàÿ ñåòü ïîñòðîåíà íà îñíîâå ïðåäåëüíî óïðîùåííîé ìîäåëè íå éðîíà, êîòîðàÿ íå îòðàæàåò
ìíîãèõ îñîáåííîñòåé ïðåîáðàçîâàíèÿ ñèãíàëîâ â ïðèðîäíûõ í åéðîíàõ.

Äëÿ òîãî ÷òîáû ïðåîäîëåòü èëè, ïî êðàéíåé ìåðå, îñëàáèòü ïðî áëåìó ýêñïîíåíöèàëü-
íîãî ðîñòà ñòðóêòóðíîé ñëîæíîñòè íåéðîííûõ ñåòåé, íåîáõîä èìî èñïîëüçîâàòü áîëåå àäåê-
âàòíûå ìîäåëè èñêóññòâåííûõ íåéðîíîâ, êîòîðûå ëó÷øå îòðàæ àþò îñîáåííîñòè ïðåîáðàçî-
âàíèÿ èíôîðìàöèè â ïðèðîäíûõ íåéðîíàõ è èìåþò ëó÷øèå ñïîñîá íîñòè ïî àïðîêñèìàöèè
çàâèñèìîñòåé (íàïðèìåð, ìîäåëü �� -íåéðîíà, ðàäèàëüíîãî íåéðîíà è äð.).

Â íàñòîÿùåé ðàáîòå ïðåäëàãàþòñÿ ôóíêöèîíàëüíûå ìîäåëè íåé ðîíîâ, êîòîðûå îñíîâà-
íû íà ïðèìåíåíèè àãðåãèðóþùèõ ôóíêöèé [4, 5] äëÿ âû÷èñëåíèÿ ñóììàðíîãî ïîòåíöèàëà
íåéðîíà, âêëàäà ñëîæíûõ ñèíàïñîâ è ñèíàïòè÷åñêèõ êëàñòåðî â. Ýòè ìîäåëè îáîáùàþò
êëàññè÷åñêèå ìîäåëè èñêóññòâåííûõ íåéðîíîâ (â òîì ÷èñëå �� -íåéðîíà), êîòîðûå ëå-
æàò â îñíîâå ìîäåëèðîâàíèÿ èñêóññòâåííûõ íåéðîííûõ ñåòåé. Äèàïàçîí êëàññè÷åñêèõ ìî-
äåëåé íåéðîíà âåñüìà îãðàíè÷åí, ÷òî íàêëàäûâàåò îãðàíè÷åí èÿ íà âèäû íåéðîñåòåâûõ
ìîäåëåé, êîòîðûå ìîæíî ðåàëüíî èñïîëüçîâàòü äëÿ âîññòàíîâ ëåíèÿ íåèçâåñòíûõ çàâè-
ñèìîñòåé. Îäíàêî íà îñíîâå àïïàðàòà òåîðèè àãðåãèðóþùèõ ôóíêöèé ìîæíî ïîñòðîèòü
øèðîêèé ñïåêòð ìîäåëåé íåéðîíîâ, êîòîðûå, ñ îäíîé ñòîðîíû, ñóùåñòâåííî ðàñøèðÿþò
¾íîìåíêëàòóðó¿ ñïîñîáîâ ïðåîáðàçîâàíèÿ èíôîðìàöèè â èñêó ññòâåííûõ íåéðîííûõ ñå-
òÿõ, à ñ äðóãîé ñòîðîíû, ëó÷øå îòðàæàþò ïðîöåññû ïðåîáðàçîâ àíèÿ èíôîðìàöèè â ïðè-
ðîäíûõ íåéðîíàõ. Êðîìå òîãî, â ðàìêàõ ìíîãîñëîéíîé àðõèòåê òóðû ïðèìåíåíèå àïïàðà-
òà òåîðèè àãðåãèðóþùèõ ôóíêöèé òàêæå ìîæåò ïîçâîëèòü ñòðîè òü ìíîãîñëîéíûå ñåòè,
ñîäåðæàùèå ìîäåëüíî îäíîðîäíûå àëãîðèòìû â ïðåäåëàõ îäíîã î ñëîÿ, íî ïðè ýòîì ìîäå-
ëè àëãîðèòìîâ â ðàçíûõ ñëîÿõ ìîãóò áûòü ïðèíöèïèàëüíî îòëè÷ íûìè. Òèïè÷íûå ïðè-
ìåðû � ýòî ìîäåëü �� -íåéðîíà, ìîäåëü ñåòè ñî ñêðûòûì ñëîåì èç ðàäèàëüíûõ íåé-
ðîíîâ.

Ïðè îáó÷åíèè íåéðîííûõ ñåòåé íà îñíîâå êëàññè÷åñêèõ ìîäåëå é íåéðîíîâ ÷àñòî ïðè-
õîäèòñÿ ñòàëêèâàòüñÿ ñ ïðîáëåìîé ïåðåîáó÷åíèÿ. Îäíîé èç ïð è÷èí ïåðåîáó÷åíèÿ ÿâëÿ-
åòñÿ òî, ÷òî èñïîëüçóåìàÿ ìîäåëü ïðåîáðàçîâàíèÿ èíôîðìàöè è ÿâëÿåòñÿ íåàäåêâàòíîé
ðåàëüíîìó ìåòîäó ïðåîáðàçîâàíèÿ èíôîðìàöèè. Äëÿ åå ïðåîäî ëåíèÿ óñïåøíî ïðèìåíÿ-
þòñÿ êîìïîçèöèè ìîäóëåé èç îòäåëüíûõ íåéðîííûõ ñåòåé, òàê æ å êàê è â ìåòîäàõ òèïà
boostingèëè bagging.

Ïðîäâèãàåìàÿ â íàñòîÿùåé ðàáîòå èäåÿ ñîñòîèò â òîì, ÷òî àãðå ãèðóþùèå íåéðîíû ìî-
ãóò èñïîëüçîâàòüñÿ â êà÷åñòâå áàçîâûõ àëãîðèòìîâ â òàêèõ êîìïîçèöèÿõ âìåñòî íåéðîííûõ
ñåòåé, ò. å. òåïåðü êîìïîçèöèÿ ìîæåò ñòðîèòüñÿ íå èç íåéðîíí ûõ ñåòåé, à èç àãðåãèðóþùèõ
íåéðîíîâ. Ýòî âîçìîæíî èç-çà òîãî, ÷òî àãðåãèðóþùèå íåéðîí û ìîãóò îáëàäàòü ñïîñîá-
íîñòÿìè ïî àïïðîêñèìàöèè, êîòîðûå íå óñòóïàþò ïåðöåïòðîíí ûì íåéðîííûì ñåòÿì. Òàê,
äëÿ îäíîãî êëàññà àãðåãèðóþùèõ íåéðîíîâ, êîòîðûå îáîáùàþò �� -íåéðîíû, ïîêàçûâà-
åòñÿ, ÷òî êëàññ òàêèõ àãðåãèðóþùèõ íåéðîíîâ ÿâëÿåòñÿ êîððåêòíûì â òîì ñìûñëå, ÷òî
äëÿ ëþáîé êîíå÷íîé îáó÷àþùåé âûáîðêè ìîæíî ïîñòðîèòü àãðåã èðóþùèé íåéðîí, êîòî-
ðûé áóäåò äàâàòü ïðàâèëüíûå îòâåòû íà âõîäàõ èç ñâîåé îáó÷àþùåé âûáîðêè. Çíà÷èìîñòü
êîððåêòíîñòè ìîäåëè àëãîðèòìà ïðîäåìîíñòðèðîâàíà ñ ïîìîù üþ êîìáèíàòîðíîãî ïîäõîäà
ê îöåíêå îáîáùàþùåé ñïîñîáíîñòè àëãîðèòìîâ [6].

Ñíà÷àëà îïèøåì îáùóþ ñõåìó ôóíêöèîíàëüíîé ìîäåëè íåéðîíà, ó÷èòûâàþùåé ñëîæ-
íûå ïðîöåññû îáðàáîòêè èíôîðìàöèè â ðåàëüíûõ íåéðîíàõ.
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1 Ñõåìà ôóíêöèîíàëüíîé ìîäåëè íåéðîíà
Ïóñòü ñåãìåíò Y � R (íàïðèìåð, [0; 1] èëè [� 1; 1]) � ìíîæåñòâî çíà÷åíèé, ïåðåäàâà-

åìûõ ìåæäó íåéðîíàìè; ñåãìåíò U � R � ìíîæåñòâî çíà÷åíèé ïîëíîãî èëè ñóììàðíîãî
ïîòåíöèàëà íåéðîíà; syn : Y ! U � ôóíêöèÿ ïðåîáðàçîâàíèÿ ïðîñòîãî ñèíàïñà . Êëàñ-
ñè÷åñêàÿ ìîäåëü ïðîñòîãî ñèíàïñà ëèíåéíàÿ, ò. å. syn (x; w) = wx. Ïðè ïîñòðîåíèè íåëè-
íåéíûõ ìîäåëåé ïðîñòûõ ñèíàïñîâ ìîæíî èñõîäèòü èç åñòåñòâå ííîãî ïðåäïîëîæåíèÿ, ÷òî
ôóíêöèÿ ïðåîáðàçîâàíèÿ ïðîñòîãî ñèíàïñà îãðàíè÷åííàÿ è ìî íîòîííàÿ. Íàïðèìåð, åñëè
X = [0; 1], òî syn(x; w) = ' (x � a; w), ãäå' (s; w) � ìîíîòîííî íåóáûâàþùàÿ ïî s, ñòðîãî
ìîíîòîííî âîçðàñòàþùàÿ ïî w è ' (s; w) = 0 , s 6 0 .

Ñëîæíûé ñèíàïñ ðàññìàòðèâàåòñÿ êàê êîìïîçèöèÿ ïðîñòûõ ñèíàïñîâ. Âêëàä ñë îæíîãî
ñèíàïñà ïîëó÷àåòñÿ â ðåçóëüòàòåíåëèíåéíîãî àãðåãèðîâàíèÿ âêëàäîâ îò ïðîñòûõ ñèíàïñîâ:

uk = Agg Sf ui : i 2 ikg;

ãäåuk � âêëàä k-ãî ñëîæíîãî ñèíàïñà ( k = n + 1; : : : ; N ); ui � âêëàä i -ãî ïðîñòîãî ñèíàïñà
(i < n ); ik � f 1; : : : ; ng � íàáîð èíäåêñîâ ïðîñòûõ ñèíàïñîâ, âõîäÿùèõ â k-é ñëîæíûé
ñèíàïñ; AggS � àãðåãèðóþùàÿ ôóíêöèÿ äëÿ âû÷èñëåíèÿ âêëàäîâ ñëîæíûõ ñèíà ïñîâ.

Ñèíàïòè÷åñêèé êëàñòåð ðàññìàòðèâàåòñÿ êàê êîìïîçèöèÿ ñèíàïñîâ (ïðîñòûõ èëè
ñëîæíûõ):

sl = Agg C f uj : i 2 j l g;

sl � âêëàä l-ãî ñèíàïòè÷åñêîãî êëàñòåðà (l = 1; : : : ; m); j l � f 1; : : : ; n; : : : ; Ng � íàáîð èí-
äåêñîâ ñèíàïñîâ (ñëîæíûõ è ïðîñòûõ), âõîäÿùèõ â `-é ñèíàïòè÷åñêèé êëàñòåð;AggC � àã-
ðåãèðóþùàÿ ôóíêöèÿ äëÿ âû÷èñëåíèÿ âêëàäîâ ñèíàïòè÷åñêèõ ê ëàñòåðîâ, êîòîðàÿ ìîæåò
îòëè÷àòüñÿ îò AggS, îäíàêî åñëè êëàñòåðû ñîñòîÿò èç ïðîñòûõ ñèíàïñîâ, òî àãðåã èðóþùèå
ôóíêöèè AggC è AggS, êàê ïðàâèëî, ñîâïàäàþò.

Ñóììàðíûé ïîòåíöèàë íåéðîíà ïîëó÷àåòñÿ â ðåçóëüòàòåàãðåãèðîâàíèÿ âêëàäîâ îò
ñèíàïòè÷åñêèõ êëàñòåðîâ:

s = Aggf s1; : : : ; smg;

ãäå s1; : : : ; sm � âêëàäû ñèíïàòè÷åñêèõ êëàñòåðîâ; Agg � àãðåãèðóþùàÿ ôóíêöèÿ äëÿ
âû÷èñëåíèÿ ñóììàðíîãî ïîòåíöèàëà íåéðîíà, êîòîðàÿ îòëè÷à åòñÿ îò AggS, íî ìîæåò ñî-
âïàäàòü ñAggC . Ýòî õîðîøî èëëþñòðèðóåò ìîäåëü �� -íåéðîíà, êîòîðàÿ ðàññìàòðèâàåòñÿ
íèæå. Ôóíêöèÿ âûõîäà out : U ! Y çàäàåò çàêîí ïðåîáðàçîâàíèÿ ñóììàðíîãî ïîòåíöèàëà
íåéðîíà â åãî âûõîä.

2 Ìîäåëè íåéðîíà ñ ïðîñòûìè ñèíàïñàìè
Êëàññè÷åñêèé íåéðîí èìååò òîëüêî ïðîñòûå ñèíàïñû è ðåàëèçó åò ïðåîáðàçîâàíèå

y = out
�

� +
nX

i =1

wi x i

�
;

ãäå wi � âåñ i -ãî ñèíàïñà. Â ýòîé ìîäåëè ñëàãàåìîå wi x i ñîîòâåòñòâóåò ïðåîáðàçîâàíèþ
â i -ì ñèíàïñå, ñóììàðíûé ïîòåíöèàë íåéðîíà åñòü àðèôìåòè÷åñê àÿ ñóììà âêëàäîâ ïðîñòûõ
ñèíàïñîâ è ñìåùåíèÿ � .

Ýòà ìîäåëü ÿâëÿåòñÿ ÷àñòíûì ñëó÷àåì áîëåå îáùåé ìîäåëè íåéð îíà ñ ïðîñòûìè ñè-
íàïñàìè:

y = out
�

� +
nX

i =1

ui

�
; (1)

ãäåui = syn(x; w; : : : ) � íåëèíåéíàÿ ñêàëÿðíàÿ ôóíêöèÿ ïðåîáðàçîâàíèÿ ïðîñòîãî ñè íàïñà,
çàâèñÿùàÿ îò ñèíàïòè÷åñêîãî âåñà w è, âîçìîæíî, äðóãèõ ïàðàìåòðîâ.
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Åñòåñòâåííûì îáîáùåíèåì àðèôìåòè÷åñêîãî ñóììèðîâàíèÿ, ê îòîðîå ñîõðàíÿåò âñå åãî
ïðèâû÷íûå àëãåáðàè÷åñêèå ñâîéñòâà, ÿâëÿåòñÿ òàê íàçûâàåìîå g-ñóììèðîâàíèå [7, 8]:

�
� +

nX

i =1

ui

�

g
= g� 1

�
g(� ) +

nX

i =1

g(ui )
�

;

ãäå g � ìîíîòîííàÿ îáðàòèìàÿ ôóíêöèÿ. Îíî ÿâëÿåòñÿ òî÷íûì àíàëîã îì âçâåøåííî-
ãî àðèôìåòè÷åñêîãî ñóììèðîâàíèÿ. Òåîðåìà Àêöåëÿ [9] îáúÿñ íÿåò, ïî÷åìó âûäåëÿåòñÿ
g-ñóììèðîâàíèå: âñÿêàÿ íåïðåðûâíàÿ è àññîöèàòèâíàÿ àãðåãè ðóþùàÿ ôóíêöèÿ íà ñåãìåí-
òå ïðåäñòàâëÿåò ñîáîé íåêîòîðîå g-ñóììèðîâàíèå. Íàïðèìåð:

g(u)
�

� +
nP

i =1
ui

�

g

uhpi = signujujp
�

� hpi +
nP

i =1
uhpi

i

� h1=pi

eu ln

 

e� +
nX

i =1

eu i

!

8
><

>:

ln u; u > 0;
0; u = 0;
ln(� u) + i�; u < 0:

�
nQ

i =1
ui

Ìîäåëü êëàññè÷åñêîãî íåéðîíà, â êîòîðîì âìåñòî îáû÷íîãî ñó ììèðîâàíèÿ èñïîëüçó-
åòñÿg-ñóììèðîâàíèå, ïðèíèìàåò ñëåäóþùèé âèä:

y = fout
�

g(� ) +
nX

i =1

g(ui )
�

;

ãäå fout(s) = out(g� 1(s)) ; ui = syn(x i ; wi ).
Êëàññè÷åñêóþ ìîäåëü íåéðîíà ñ ïðîñòûìè ñèíàïñàìè ìîæíî îáî áùèòü äî ìîäåëè íåé-

ðîíà àãðåãèðóþùåãî òèïà ñ ïðîñòûìè ñèíàïñàìè âèäà:

y = out � Agg
�

�; u 1; : : : ; un

	
;

ãäå Agg � ñèììåòðè÷íàÿ àãðåãèðóþùàÿ ôóíêöèÿ.
Êëàññè÷åñêàÿ ìîäåëü íåéðîíà ñ ïðîñòûìè ñèíàïñàìè ïî ôîðìå è äåíòè÷íà îáîáùåí-

íîé ëèíåéíîé ìîäåëè, êîòîðàÿ èìååò ñòàòèñòè÷åñêóþ ïðèðîäó [10]. Â íåé ôóíêöèÿ ñâÿçè
ñîîòâåòñòâóåò ôóíêöèè âûõîäà è îòðàæàåò ñâÿçü ìåæäó ìàòåìàòè÷åñêèì îæèäàíèåì öå-
ëåâîé ïåðåìåííîé è âçâåøåííîé ëèíåéíîé êîìáèíàöèåé ïðåäèê òîðîâ. Â ëèíåéíîé ìîäåëè
ñ íåëèíåéíûì ïðåîáðàçîâàíèåì ïðèçíàêîâ [11], íàîáîðîò, ó÷ èòûâàåòñÿ ôóíêöèÿ ðàñïðåäå-
ëåíèÿ çíà÷åíèé âõîäíûõ ïðåäèêòîðîâ. Îáúåäèíåíèå ýòèõ äâóõ ìîäåëåé äàåò îáîáùåííóþ
àääèòèâíóþ ñòàòèñòè÷åñêóþ ìîäåëü, êîòîðàÿ ïîõîæà íà ìîäåë ü íåéðîíà ñ ïðîñòûìè íåëè-
íåéíûìè ñèíàïñàìè (1).

3 Ìîäåëü �� -íåéðîíà
Ïðèìåðîì íåéðîíà ñî ñëîæíûìè ñèíàïñàìè èëè ñèíàïòè÷åñêèìè êëàñòåðàìè ÿâëÿåò-

ñÿ �� -íåéðîí. Ýòà ìîäåëü íåéðîíà âïåðâûå áûëà ïðåäëîæåíà â [12] è èñïîëüçîâàëàñü
êàê ìîäåëü, êîòîðàÿ îòðàæàåò ëîêàëüíîå âçàèìîäåéñòâèå âõî äîâ â ñëîæíûõ ñèíàïñàõ
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èëè ïðîñòûõ ñèíàïñîâ â ñèíàïòè÷åñêèõ êëàñòåðàõ [13]. Â ðàáîòàõ [14, 15] áûëî ïîêàçàíî,
÷òî ìîäåëü �� -íåéðîíà áîëåå àäåêâàòíî ñîîòâåòñòâóåò ïðîöåññàì îáðàáîò êè èíôîðìàöèè
ñ ó÷åòîì òîãî, ÷òî âêëàäû ñëîæíûõ ñèíàïñîâ ñóììèðóþòñÿ àðèô ìåòè÷åñêè. Äîñòèíñòâîì
ýòîé ìîäåëè ÿâëÿåòñÿ åå îòíîñèòåëüíàÿ ïðîñòîòà è âûðàçèòåë üíîñòü. Íàïðèìåð, â ìîäå-
ëè �� -íåéðîíà ñ ôóíêöèåé âûõîäà, ïðèíèìàþùåé çíà÷åíèÿ â f 0; 1g, ìîæíî ïðåäñòàâèòü
ëþáóþ ëîãè÷åñêóþ ôóíêöèþ. Ñïëàéíû äëÿ àïðîêñèìàöèè íåïðåð ûâíûõ ôóíêöèé ìíîãèõ
ïåðåìåííûõ ìîæíî ðàññìàòðèâàòü êàê �� -íåéðîí, íà âõîä êîòîðîãî ïîäàþòñÿ ñèãíàëû,
ïðåäâàðèòåëüíî ïðåîáðàçîâàííûå ïðè ïîìîùè ñêàëÿðíûõ óñå÷ åííî-ñòåïåííûõ ôóíêöèé.
Â ðàáîòå [16] ïîêàçàíî, ÷òî àäåêâàòíàÿ ôóíêöèîíàëüíàÿ ìîäå ëü îáó÷åíèÿ íåéðîíîâ êîðû
ãîëîâíîãî ìîçãà ïîëó÷àåòñÿ â ñëó÷àå, êîãäà íà âõîä �� -íåéðîíà ïîäàþòñÿ ñèãíàëû, ïðåä-
âàðèòåëüíî ïðåîáðàçîâàííûå ïðè ïîìîùè ðàäèàëüíûõ ôóíêöèé . Áîëåå ïîäðîáíûé àíàëèç
ìîäåëåé ñî ñëîæíûìè ñèíàïñàìè è ñèíàïòè÷åñêèìè êëàñòåðàìè ìîæíî íàéòè â [17].

�� -íåéðîí ìîäåëèðóåò ñëîæíûå ñèíàïñû èëè ñèíàïòè÷åñêèå êëàñ òåðû ïðè ïîìîùè
àãðåãèðóþùåé ôóíêöèè ïðîèçâåäåíèÿ:

S(u1; : : : ; um) =
mY

i =1

ui ;

ãäåu1; : : : ; um � âêëàäû ïðîñòûõ ñèíàïñîâ, âõîäÿùèõ â ñëîæíûé ñèíàïñ èëè ñèí àïòè÷å-
ñêèé êëàñòåð. Ñóììàðíûé ïîòåíöèàë ïî-ïðåæíåìó åñòü àðèôìå òè÷åñêàÿ ñóììà âêëàäîâ
ñèíàïñîâ è ñìåùåíèÿ � :

y = out

 

� +
mX

k=1

Y

i 2 i k

uki

!

;

ãäåik � f 1; : : : ; ng; uki � âêëàä i -ãî ïðîñòîãî ñèíàïñà â k-ì ñëîæíîì ñèíàïñå èëè ñèíàïòè-
÷åñêîì êëàñòåðå. Åñëè ïðîñòûå ñèíàïñû ëèíåéíûå ( u = wx), òî ôóíêöèÿ ïðåîáðàçîâàíèÿ
èìååò âèä:

y = out

 

� +
mX

k=1

wk

Y

i 2 i k

x i

!

; (2)

ãäåwk =
Q

i 2 i k

wki : Òàêàÿ ìîäåëü �� -íåéðîíà ÿâëÿåòñÿ êîððåêòíîé äëÿ êëàññà ëîãè÷åñêèõ

ôóíêöèé, ò. å. äëÿ ëþáîé ÷àñòè÷íî îïðåäåëåííîé ëîãè÷åñêîé ô óíêöèè f : X ! f 0; 1g, ãäå
X � f 0; 1gn , ñóùåñòâóåò�� -íåéðîí âèäà (2), êîòîðûé âû÷èñëÿåò çíà÷åíèÿ ôóíêöèè f
íà X .

Ìîäåëü �� -íåéðîíà ñ ïðîñòûìè ñèíàïñàìè âèäà u = w' (x � a) èìååò âèä:

y = out

 

� +
mX

k=1

wk

Y

i 2 i k

gi (x i � aki )

!

;

ãäågi (x) = 0 , x 6 0. Â [18] äîêàçàíî, ÷òî ýòà ìîäåëü ïðè íåêîòîðûõ óñëîâèÿõ îáùå ãî
âèäà ñïîñîáíà êîððåêòíî ïðåäñòàâëÿòü ïðîèçâîëüíûå äèñêðå òíûå ôóíêöèè, îïðåäåëåííûå
íà êîíå÷íûõ ïîäìíîæåñòâàõ Rn , ïðè ýòîì êîíñòðóêòèâíûé ïðîöåññ îáó÷åíèÿ ñîïðîâîæäà-
åòñÿ ïðîöåññîì ìèíèìèçàöèè ñëîæíîñòè òàê, ÷òîáû â ñèíàïòè÷ åñêîì êëàñòåðå ó÷àñòâîâà-
ëî ìèíèìàëüíî âîçìîæíîå ÷èñëî ïðîñòûõ ñèíàïñîâ. Âàæíûì ñâî éñòâîì êîíñòðóêòèâíîé
ïðîöåäóðû îáó÷åíèÿ �� -íåéðîíà ÿâëÿåòñÿ òî, ÷òî îíà ïîçâîëÿåò ñòðîèòü ìíîæåñòâî ðàç-
ëè÷íûõ �� -íåéðîíà ïî îäíîé îáó÷àþùåé âûáîðêå, êîòîðûå âûäàþò íà íåé ï ðàâèëüíûå
îòâåòû. Ýòî äàåò âîçìîæíîñòü óâåðåííî èñïîëüçîâàòü èõ â êà÷ åñòâå áàçîâûõ àëãîðèòìîâ
â ïðîöåäóðàõ òèïà áóñòèíãà, áàããèíãà èëè âçâåøåííîãî ãîëîñ îâàíèÿ, òàê êàê âñåãäà ìîæíî
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ïîñòðîèòü �� -íåéðîí, êîòîðûé íå îøèáàåòñÿ áîëåå ÷åì íà ïîëîâèíå âûáîðêè, èñïîëüçóÿ
ïðè ýòîì â êà÷åñòâå îáó÷àþùåé íå áîëåå ïîëîâèíû âûáîðêè.

4 Ìîäåëü íåéðîíà ñ àãðåãèðóþùèìè ñëîæíûìè ñèíàïñàìè
Ìîäåëü �� -íåéðîíà ÿâëÿåòñÿ ÷àñòíûì ñëó÷àåì ñëåäóþùåé ìîäåëè íåéðîí à ñî ñëîæ-

íûìè ñèíàïñàìè:

y = out

 

� +
mX

k=1

uk

!

:

Çäåñüuk � âêëàä k-ãî àãðåãèðóþùåãî ñëîæíîãî ñèíàïñà èëè ñèíàïòè÷åñêîãî êëà ñòåðà,
ñîñòîÿùåãî èç ïðîñòûõ ñèíàïñîâ:

uk = Agg � f ui : i 2 ikg;

ãäåAgg� � àãðåãèðóþùàÿ ôóíêöèÿ, êîòîðàÿ óäîâëåòâîðÿåò òðåáîâàíèþ :
Agg� f ui : i 2 ig = 0 , 9 i 2 i : ui = 0:

Çíà÷èòåëüíûé êëàññ òàêèõ àãðåãèðóþùèõ ôóíêöèé � ýòî êâàçèìóëüòèïëèêàòèâíûå
ôóíêöèè:

� h f ui : i 2 ig = h� 1

 
Y

i 2 i

h(ui )

!

;

ãäåh � îáðàòèìàÿ ìîíîòîííàÿ ôóíêöèÿ.
Òàêèì îáðàçîì, ìîäåëü íåéðîíà ñ àãðåãèðóþùèìè ëîæíûìè ñèíà ïñàìè èëè ñèíàïòè-

÷åñêèìè êëàñòåðàìè èç ïðîñòûõ ñèíàïñîâ èìååò âèä:

y = out

 

� +
mX

k=1

Agg� f uki : i 2 i kg

!

: (3)

Ñïîñîáíîñòè òàêîé ìîäåëè îòðàæàåò ñëåäóþùåå óòâåðæäåíèå. Ïóñòü out � êîððåêòíàÿ
ôóíêöèÿ âûõîäà , ò. å. äëÿ ëþáîãî y 2 Y íàéäåòñÿ çíà÷åíèå s òàêîå, ÷òî y = out( s).

Ïóñòü ôóíêöèÿ ïðîñòîãî ñèíàïñà syn(x � a; w), òàêàÿ ÷òî
1) syn(x � a; w) = 0 òîëüêî ïðè x 6 a;
2) äëÿ ëþáîãî w ôóíêöèÿ synw(x) = syn( x � a; w) � ìîíîòîííàÿ;
3) äëÿ ëþáîãî x ôóíêöèÿ synx (w) = syn( x � a; w) � ñòðîãî ìîíîòîííàÿ;
4) äëÿ ëþáîãî x è ëþáîãî u ñóùåñòâóåòw òàêàÿ, ÷òî u = synx (w).

Òèïè÷íûé ïðèìåð: syn(x� a; w) = w' (x� a), ãäå' � ìîíîòîííî íåóáûâàþùàÿ ôóíêöèÿ
è ' (x) = 0 , x 6 0 èëè ' (x) = 0 , x < 0.

Òåîðåìà 1. Äëÿ ëþáîãî êîíå÷íîãî è íåïðîòèâîðå÷èâîãî íàáîðà ïðåöåäåíò îâ 1 heX ; eY i
ìîæíî ïîñòðîèòü àãðåãèðóþùèé íåéðîí

agn(x) = out

 

� +
mX

k=1

Agg� f uki : i 2 ikg

!

;

òàêîé, ÷òî y = agn(x) äëÿ ëþáîé ïàðû hx; yi èç heX ; eY i .
Äëÿ êðàòêîñòè ïðèâåäåì òîëüêî ñõåìó êîíñòðóêòèâíîãî äîêàç àòåëüñòâà, êîòîðîå ñëå-

äóåò ñõåìàì äîêàçàòåëüñòâ àíàëîãè÷íûõ óòâåðæäåíèé â [18] äëÿ �� -íåéðîíîâ. Íàáîð ïðå-
öåäåíòîâ heX ; eY i ïåðåóïîðÿäî÷èâàåòñÿ òàê, ÷òî äëÿ ëþáîé ïàðû 1 6 j < k 6 N âñåãäà

1Íàáîð ïðåöåäåíòîâ heX ; eY i ÿâëÿåòñÿ íåïðîòèâîðå÷èâûì, êîãäà äëÿ ëþáîé ïàðû hx0; y0i è hx00; y00i èç
heX ; eY i âåðíî óñëîâèå: åñëè x0 = x00, òî y0 = y00.
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íàéäåòñÿ èíäåêñ i = i (j; k ), òàêîé, ÷òî x j i 6 xki (� -óïîðÿäî÷åííîñòü). Ïðè ïîìîùè ïðîöå-
äóðû èñêëþ÷åíèÿ èíäåêñîâ, íåñóùåñòâåííûõ äëÿ ïîðÿäêà ïðèì åðîâ â eX , ñòðîèòñÿ ïîñëå-
äîâàòåëüíîñòü f ik : k = 1; N g (N = j eX j), êîòîðàÿ ñîäåðæèò ìèíèìàëüíûå íàáîðû èíäåêñîâ
(ò. å. èç ëþáîãî íàáîðà ik íåëüçÿ èñêëþ÷èòü êàêîé-ëèáî èíäåêñ òàê, ÷òîáû íå íàðóøèëîñ ü
ñâîéñòâî � -óïîðÿäî÷åííîñòè). Â ñèëó ñâîéñòâ àãðåãèðóþùåé ôóíêöèè Agg� ïîñëåäîâà-
òåëüíîñòü ôóíêöèé f � k(x)g, ãäå

� k (x) = Agg � f syn(x i � � (xki ); wki ) : i 2 ikg;

ÿâëÿåòñÿ òðåóãîëüíî óïîðÿäî÷åííîé, à èìåííî:
(1) � j (xk) = 0 äëÿ ëþáîé ïàðû j < k ;
(2) � k(xk) 6= 0.
Çäåñü� (xki ) � ïðåäûäóùåå çíà÷åíèå îòíîñèòåëüíî xki â âàðèàöèîííîì ðÿäó çíà÷åíèé

x1i ; : : : ; xNi .
Çàòåì ïðè ïîìîùè îäíîïðîõîäíîé ïðîöåäóðû íàõîäÿòñÿ âåñà wki , òàê ÷òî ïî ïîñòðîå-

íèþ yk = agn(xk) äëÿ ëþáîãî k = 1; N . Ýòà ïðîöåäóðà ðåêóððåíòíàÿ, òàê ÷òî â ïðîöåññå
îáó÷åíèÿ ñòðîèòñÿ ïîñëåäîâàòåëüíîñòü

�
agnk(x) = out(SP k(x))

	
òàêàÿ, ÷òî äëÿ ëþáîãî

j = 1; k: yj = agnk(x j ), ïðè ýòîì

SPk(x) =

(
SPk� 1(x); åñëèyk = agnk� 1(xk� 1);
SPk� 1(x) + wk � k(xk); åñëèyk 6= agnk� 1(xk� 1);

ãäå

SPk(x) = � +
kX

j =1

Agg�

�
uj i : i 2 i j

	
; uj i = syn(x i � aj i ; wj i );

wk � ðåøåíèå óðàâíåíèÿ

yk = out (SP k� 1(xk) + wk � k(xk)) :

Òàêèì îáðàçîì, ïîëó÷àåòñÿ êîððåêòíûé àãðåãèðóþùèé íåéðîí ïî ïîñòðîåíèþ.
Ïîìèìî êâàçèìóëüòèïëèêàòèâíûõ ôóíêöèé ïðèìåðîì àãðåãèðó þùèõ ôóíêöèé ñëîæ-

íûõ ñèíàïñîâ èëè ñèíàïòè÷åñêèõ êëàñòåðîâ èç ïðîñòûõ ñèíàïñ îâ òàêæå ìîãóò ñëóæèòü
êâàçèàääèòèâíûå ôóíêöèè

uk = � h f ui : i 2 i kg = h� 1

 
X

i 2 i k

h(uki )

!

;

ãäåh � îáðàòèìàÿ ìîíîòîííàÿ ôóíêöèÿ, íàïðèìåð:

h(u) Ñóììàðíûé ïîòåíöèàë íåéðîíà

uhpi � +
mX

k=1

 
X

i 2 i k

uhpi
ki

! h1=pi

epu � +
mX

k=1

1
p ln

 
X

i 2 i k

epuki

!
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5 Äâóñëîéíàÿ ìîäåëü íåéðîíà ñî ñëîæíûìè ñèíàïñàìè
Â îáùåì ñëó÷àå ìîäåëü (3) àãðåãèðóþùåãî íåéðîíà ìîæíî îáîáù èòü, åñëè çàìå-

íèòü îáû÷íîå ñóììèðîâàíèå âêëàäîâ ñëîæíûõ ñèíàïñîâ íà ñèìì åòðè÷íóþ àãðåãèðóþùóþ
ôóíêöèþ :

y = out � Agg� f �; s 1; : : : ; smg;
sk = Agg� f uki : i 2 i kg; k = 1; m; (4)

ãäå Agg� � àãðåãèðóþùàÿ ôóíêöèÿ äëÿ âû÷èñëåíèÿ ñóììàðíîãî ïîòåíöèà ëà íåéðîíà,
òàêàÿ ÷òî

(1) åñëèsk0 = 0, òî Agg � f sk : k 2 kg = Agg� f sk : k 2 k0g, ãäåk0 = k n f k0g;
(2) äëÿ ëþáîãî Agg � f s1; : : : ; sM g, ëþáîãî S íàéäåòñÿ sM +1 òàêàÿ, ÷òî

Agg� f s1; : : : ; sM ; sM +1 g = S:

Ïðèìåðàìè òàêîé àãðåãèðóþùåé ôóíêöèè ÿâëÿþòñÿ êâàçèàääèò èâíûå ôóíêöèè âèäà:

Agg� f s1; : : : ; sM g = h� 1

 
MX

k=1

wkh(sk)

!

:

Â ýòèõ ïðåäïîëîæåíèÿõ è ïðåäïîëîæåíèÿõ Òåîðåìû 1 â ÷àñòè ïðî ñòûõ ñèíàïñîâ èìååò
ìåñòî ñëåäóþùàÿ òåîðåìà.

Òåîðåìà 2. Äëÿ ëþáîãî êîíå÷íîãî è íåïðîòèâîðå÷èâîãî íàáîðà ïðåöåäåíò îâ heX ; eY i
ìîæíî ïîñòðîèòü àãðåãèðóþùèé íåéðîí agn(x) âèäà (4) òàêîé, ÷òî y = agn(x) äëÿ
ëþáîé ïàðû hx; yi èç heX ; eY i .

Äîêàçàòåëüñòâî ýòîé òåîðåìû èäåíòè÷íî äîêàçàòåëüñòâó Òåî ðåìû 1. Îñîáåííîñòü çà-
êëþ÷àåòñÿ òîëüêî â òîì, ÷òî àãðåãèðóþùàÿ îïåðàöèÿ Agg � , ïî ïðèâåäåííîìó âûøå îïðåäå-
ëåíèþ, îáëàäàåò âñåìè íåîáõîäèìûìè ñâîéñòâàìè, êîòîðûìè î áëàäàåò îïåðàöèÿ îáû÷íîãî
ñóììèðîâàíèÿ è êîòîðûå íåïîñðåäñòâåííî è èñïîëüçóþòñÿ ïðè äîêàçàòåëüñòâå Òåîðåìû 1
è ïîýòîìó ôîðìàëüíàÿ åå çàìåíà íà Agg � îáåñïå÷èâàåò èñòèííîñòü Òåîðåìû 2.

6 Çàêëþ÷åíèå
Â íàñòîÿùåé ðàáîòå îïèñàíû íîâûå êëàññû ìîäåëåé íåéðîíîâ àã ðåãèðóþùåãî òèïà,

êîòîðûå âêëþ÷àþò â ñåáÿ áîëüøèíñòâî ôóíêöèîíàëüíûõ ìîäåëå é íåéðîíîâ, â òîì ÷èñëå
ñî ñëîæíûìè ñèíàïñàìè (íåéðîíû ïåðöåïòðîííîãî òèïà, ñèãìà -ïè íåéðîíû, ðàäèàëüíûå
íåéðîíû). Îíè ñóùåñòâåííî ðàñøèðÿåò ¾íîìåíêëàòóðó¿ òèïîâ ìîäåëåé íåéðîíîâ, íà îñíî-
âå êîòîðûõ ìîæíî ñòðîèòü íåéðîííûå ñåòè. Äëÿ îäíîãî ïîäêëàñ ñà òàêèõ ìîäåëåé, êîòîðûå
îáîáùàþò �� -íåéðîíû, äîêàçàíà ñïîñîáíîñòü ïî êîððåêòíîìó ïðåäñòàâëå íèþ ôóíêöèé,
îïðåäåëåííûõ íà êîíå÷íîì ìíîæåñòâå.

Â äàëüíåéøåì ïðåäñòîèò òåîðåòè÷åñêîå è ýêñïåðèìåíòàëüíîå èññëåäîâàíèå âîçìîæíî-
ñòåé ìîäåëåé àãðåãèðóþùèõ íåéðîíîâ ïî àïðîêñèìàöèè ðàçëè÷ íûõ òèïîâ çàâèñèìîñòåé.
Ïîñêîëüêó ìîäåëè �� -íåéðîíîâ è èõ îáîáùåíèÿ ïîêàçàëè õîðîøèå ñïîñîáíîñòè ïî ïð åä-
ñòàâëåíèþ ìíîãèõ òèïîâ çàâèñèìîñòåé [18�20], òî òàêèõ æå ñï îñîáíîñòåé ìîæíî îæèäàòü
è îò ìîäåëåé àãðåãèðóþùèõ íåéðîíîâ â îáùåì ñëó÷àå.

Òàêæå ïðåäñòîèò åùå èññëåäîâàòü ýôôåêò îò ïðèìåíåíèÿ ðàçëè ÷íûõ êëàññîâ àãðåãè-
ðóþùèõ ôóíêöèé êàê äëÿ àãðåãèðîâàíèÿ âêëàäîâ â ñëîæíûõ ñèíà ïñàõ è ñèíàïòè÷åñêèõ
êëàñòåðàõ, òàê è äëÿ àãðåãèðîâàíèÿ âñåõ âêëàäîâ â ñóììàðíûéïîòåíöèàë íåéðîíà íà êà-
÷åñòâî è ñëîæíîñòü àïïðîêñèìàöèè çàâèñèìîñòåé.
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1 Ââåäåíèå
Ïðîñòðàíñòâåííîå ðàçðåøåíèå, ò. å. ÷àñòîòà äèñêðåòèçàöèè, ñ êîòîðîé íåïðåðûâíûé

ñèãíàë ïåðåâîäèòñÿ â äèñêðåòíîå èçîáðàæåíèå, � îäíî èç îãðà íè÷åíèé, âëèÿþùèõ íà èí-
ôîðìàòèâíîñòü äàííûõ äèñòàíöèîííîãî çîíäèðîâàíèÿ [1, 2]. Îíî èãðàåò ðåøàþùóþ ðîëü

� Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ (ïðîåêòû •• 14-01-00348, 13-05-12019 è 14-05-
91759). Ðåçóëüòàòû ïîëó÷åíû â ðàìêàõ ãîñóäàðñòâåííîãî çàä àíèÿ Ìèíîáðíàóêè Ðîññèè •2015/Ð8.

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
Machine Learning and Data Analysis, 2015. Vol. 1 (12).
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ïðè ïîèñêå îáúåêòîâ, îáðàáîòêå èçîáðàæåíèé ñïåêòðàëüíûìè ìåòîäàìè [3, 4]. Ìîäåëèðîâà-
íèå ïîëåé ýëåêòðîìàãíèòíûõ ñèãíàëîâ, ïîñòóïàþùèõ íà âõîä à ïïàðàòóðû äèñòàíöèîííîãî
çîíäèðîâàíèÿ Çåìëè (ÄÇÇ), ïîçâîëÿåò îïðåäåëèòü åå âîçìîæí îñòè è çàäàòü îïòèìàëüíûå
õàðàêòåðèñòèêè [5], îäíàêî íà ïðàêòèêå âîçìîæíîñòè ñîçäàí èÿ ñèñòåì ÄÇÇ ñ âûñîêèì
ïðîñòðàíñòâåííûì ðàçðåøåíèåì îãðàíè÷èâàþòñÿ ìíîæåñòâîì ôàêòîðîâ, ÷òî ïðèâîäèò
ê íåîáõîäèìîñòè óâåëè÷èâàòü ÷àñòîòó äèñêðåòèçàöèè èìåþùè õñÿ êîñìè÷åñêèõ èçîáðà-
æåíèé. Ñóùåñòâóåò ìíîæåñòâî ìåòîäîâ ïîâûøåíèÿ ðàçðåøåíèÿ èçîáðàæåíèé, ìíîãèå èç
êîòîðûõ ïðèìåíÿþòñÿ â ÄÇÇ. Ýòè ìåòîäû ìîæíî ïîäðàçäåëèòü ïî ÷èñëó èñïîëüçóåìûõ
èçîáðàæåíèé íà îäíîêàäðîâûå (â òîì ÷èñëå ëèíåéíûå [6], íåëè íåéíûå ãðàäèåíòíûå [7]
è ôðàêòàëüíûå [8]) è ìíîãîêàäðîâûå (ñâåðõðàçðåøåíèå [9], ï àíøàðïåíèíã). Ïî ñïîñîáó
âîñïîëíåíèÿ íåäîñòàþùåé èíôîðìàöèè ïðè ôîðìèðîâàíèè èçîá ðàæåíèé âûñîêîãî ðàç-
ðåøåíèÿ ìîæíî ðàçäåëèòü ìåòîäû íà èñïîëüçóþùèå èíòåðïîëÿö èþ [6, 10], ïîâûøàþùèå
ðàçðåøàþùóþ ñïîñîáíîñòü ìóëüòèñïåêòðàëüíûõ èçîáðàæåíèé ïóòåì ñèíòåçà èíôîðìàöèè
â ñïåêòðàëüíûõ êàíàëàõ è îñíîâàííûå íà èñïîëüçîâàíèè àïðèî ðíîé èíôîðìàöèè îá îáúåê-
òàõ. Çàñëóæèâàåò âíèìàíèÿ êëàññ ìåòîäîâ, îñíîâàííûõ íà ìèí èìèçàöèè ïîòîêîâ [11�13].

Â ëþáîì ñëó÷àå ïðè ïîâûøåíèè ðàçðåøåíèÿ ïðèõîäèòñÿ èìåòü äå ëî ñ íåäîñòàòêîì
èíôîðìàöèè, è ýòî ñêàçûâàåòñÿ íà êà÷åñòâå âîññòàíîâëåííîã î èçîáðàæåíèÿ. Êàê ïðàâèëî,
ïðè ýòîì ïðîÿâëÿþòñÿ ñëåäóþùèå äåôåêòû: ýôôåêò ðàçìûòèÿ, à ëèàñèíã (ñòóïåí÷àòîñòü
êîíòóðîâ) è ýôôåêò Ãèááñà (ëîæíîå îêîíòóðèâàíèå) [14].

Â çàäà÷àõ ìîíèòîðèíãà ñòàöèîíàðíûõ îáúåêòîâ ïî èõ èçîáðàæå íèÿì, â ÷àñòíîñòè ïðè
êîñìè÷åñêîì ìîíèòîðèíãå ó÷àñòêîâ ïîâåðõíîñòè Çåìëè, âîçí èêàåò íåîáõîäèìîñòü ÷åòêî-
ãî ïðîñëåæèâàíèÿ ãðàíèö ýòèõ îáúåêòîâ ñ öåëüþ òî÷íîãî îïðåä åëåíèÿ èõ ðàñïîëîæåíèÿ,
èçìåðåíèÿ ãåîìåòðè÷åñêèõ ðàçìåðîâ è ïëîùàäåé. Òàêàÿ çàäà÷ à âîçíèêàåò ïðè ìîíèòî-
ðèíãå óðáàíèçèðîâàííûõ òåððèòîðèé, áåðåãîâûõ ëèíèé, ëåäî âîé îáñòàíîâêè, ïðèðîäíûõ
ïîæàðîâ è òåððèòîðèé, ïðîéäåííûõ îãíåì. Ïðè èñïîëüçîâàíèè ñòàíäàðòíûõ ìåòîäîâ ïî-
âûøåíèÿ ðàçðåøàþùåé ñïîñîáíîñòè, íå ó÷èòûâàþùèõ èíôîðìàö èþ î ãðàíèöàõ îáúåêòîâ,
ïðîèñõîäèò ñãëàæèâàíèå, â òîì ÷èñëå òàì, ãäå íå äîëæíî áûòü ï ëàâíîãî ïåðåõîäà ÿðêîñòè,
à ñóùåñòâóåò ðåçêàÿ ãðàíèöà.

Ñóùåñòâóþò ðàçëè÷íûå ìåòîäû èçáåæàòü ðàçìûòèÿ ãðàíèö, âêë þ÷àþùèå ïðåäâàðè-
òåëüíîå âûäåëåíèå ïåðåïàäîâ ÿðêîñòè [15, 16], èñïîëüçîâàí èå íåëèíåéíîé äèôôóçèè [17],
àãåíòíûé ïîäõîä [18]. Â òàêèõ ìåòîäàõ íåïîñðåäñòâåííî ïåðå ä èíòåðïîëÿöèåé ïðîâîäèòñÿ
ïðåäâàðèòåëüíàÿ îáðàáîòêà, âûäåëÿþùàÿ ãðàíèöû. Äàííûé ïî äõîä èìååò íåìàëî ïðåèìó-
ùåñòâ: îí íå òðåáóåò äîïîëíèòåëüíîé èíôîðìàöèè è õîðîøî ñîõ ðàíÿåò ãðàíèöû. Ê åãî
íåäîñòàòêàì îòíîñèòñÿ çíà÷èòåëüíàÿ âû÷èñëèòåëüíàÿ ñëîæí îñòü, ñâÿçàííàÿ ñ íåîáõîäè-
ìîñòüþ ïðåäâàðèòåëüíîé îáðàáîòêè èçîáðàæåíèÿ, è âåðîÿòíî ñòü îøèáêè ïðè âûäåëåíèè
ãðàíèö: ïðîïóñêà ðåàëüíîé ãðàíèöû èëè âûäåëåíèÿ åå òàì, ãäå â äåéñòâèòåëüíîñòè ïðî-
èñõîäèò ïëàâíîå, íî áûñòðîå èçìåíåíèå ÿðêîñòè.

Äëÿ îáúåêòîâ, íå èçìåíÿþùèõ ñâîè ãåîìåòðè÷åñêèå ñâîéñòâà ä ëèòåëüíîå âðåìÿ, ÷àñòî
ñóùåñòâóåò èõ âåêòîðíîå ïðåäñòàâëåíèå, ïîëó÷åííîå òåì èëè èíûì ñïîñîáîì. Â äàííîé
ñòàòüå ïðåäëîæåí ìåòîä, èñïîëüçóþùèé äëÿ ïîâûøåíèÿ ÷åòêîñ òè ãðàíèö ïðè ïîâûøåíèè
ðàçðåøåíèÿ àïðèîðíóþ èíôîðìàöèþ, ò. å. óæå èìåþùèåñÿ âåêòî ðíûå êàðòû, ñîäåðæàùèå
ãðàíèöû îáúåêòîâ.

2 Ïîñòàíîâêà çàäà÷è
Îñíîâû äàííîãî ìåòîäà àíàëîãè÷íû òåì, ÷òî çàäàíû â ðàáîòå [1 9]. Îáû÷íîå ïèêñåëüíîå

èçîáðàæåíèå íå ïîçâîëÿåò ñäåëàòü âûâîä, ãäå ïðîõîäÿò ðåçêè å ãðàíèöû ìåæäó îáúåêòàìè,
à ãäå �� ïëàâíûé ïåðåõîä ÿðêîñòè, ÷òî ïðèâîäèò ê ðàçìûòèþ ãðà íèö ïðè ïîïûòêå ïîâûñèòü
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(à) (á) (â) (ã)

Ðèñ. 1 Ãðàíèöû áèêñåëüíîãî èçîáðàæåíèÿ ( à); ïèêñåëüíàÿ ìàòðèöà íèçêîãî ðàçðåøåíèÿ ( á);
ïèêñåëüíîå èçîáðàæåíèå ïîâûøåííîãî ðàçðåøåíèÿ (áèëèíåéí àÿ èíòåðïîëÿöèÿ) ( â) è áèêñåëüíîå
èçîáðàæåíèå ïîâûøåííîãî ðàçðåøåíèÿ ( ã) [19]

ðàçðåøåíèå èçîáðàæåíèÿ (ðèñ. 1). Â äàííîé ñòàòüå ïðåäëàãàåòñÿ õðàíåíèå èçîáðàæåíèÿ
íå â âèäå äâóìåðíîé ìàòðèöû ïèêñåëåé, à â âèäå òàê íàçûâàåìûõ áèêñåëåé (bixels). Òàêîå
èçîáðàæåíèå ñîñòîèò èç îáû÷íîãî ðàñòðà, çàäàþùåãî çíà÷åíè ÿ ÿðêîñòè â âåðøèíàõ ðàâíî-
ìåðíîé ñåòêè, è îïèñàíèÿ ãðàíèö, ïðîõîäÿùèõ âáëèçè êàæäîé â åðøèíû, ñ ñóáïèêñåëüíîé
òî÷íîñòüþ. Ãðàíèöû ìîãóò áûòü ïðåäñòàâëåíû â âèäå ëîìàíûõ è ëè êðèâûõ è îáîçíà÷à-
þò ëèíèè, ïî êîòîðûì ïðîõîäèò ðåçêèé ïåðåïàä ÿðêîñòè, îáû÷í î �� ãðàíèöû îáúåêòîâ,
ðàçäåëåíèå îáúåêòà è ôîíà. Òàêèì îáðàçîì, ïîÿâëÿåòñÿ âîçìî æíîñòü ñîõðàíèòü ðåçêèå
ïåðåïàäû ÿðêîñòè, ñîîòâåòñòâóþùèå ãðàíèöàì, ïðè ïîâûøåíè è ðàçðåøåíèÿ â ëþáîå êî-
ëè÷åñòâî ðàç, îñòàâèâ â ïðî÷èõ ìåñòàõ ïëàâíûå ïåðåõîäû, ñîî òâåòñòâóþùèå èíòåðïîëÿöè-
îííûì àëãîðèòìàì. Äëÿ îòîáðàæåíèÿ òàêèõ èçîáðàæåíèé íà ýêð àíå èëè â ïå÷àòè èñïîëü-
çóåòñÿ ïèêñåëüíîå ïðåäñòàâëåíèå, ïîýòîìó ñóùåñòâóåò àëãîðèòì ïåðåâîäà èçîáðàæåíèÿ èç
áèêñåëåé â ÷èñòî ðàñòðîâûé âèä. Òàê êàê ïðè ýòîì ìîãóò ïîëó÷à òüñÿ àáñîëþòíî ðåçêèå
ãðàíèöû, äëÿ ëó÷øåãî âîñïðèÿòèÿ ïðîèçâîäèòñÿ ñãëàæèâàíèå (antialiasing). Â çàâèñèìîñòè
îò êîíôèãóðàöèè áëèçëåæàùèõ ãðàíèö èíòåðïîëÿöèÿ ÿðêîñòè â âûáðàííûõ êîîðäèíàòàõ
ïðîèçâîäèòñÿ ïî îäíîé èç äåñÿòè ôóíêöèé áèëèíåéíîé èíòåðïî ëÿöèè ïî òî÷êàì áàçîâîãî
èçîáðàæåíèÿ. Ïðè ýòîì äëÿ èíòåðïîëÿöèè, ñ ïîìîùüþ êîòîðîé ï îëó÷àþòñÿ ïèêñåëè ðå-
çóëüòèðóþùåãî ðàñòðîâîãî èçîáðàæåíèÿ, èñïîëüçóþòñÿ òîëü êî òå çíà÷åíèÿ ÿðêîñòåé, ÷òî
íå îòäåëåíû îò ðåçóëüòèðóþùåãî ïèêñåëÿ ëèíèåé ãðàíèöû.

Òàêèì îáðàçîì, íà ïàðàìåòðû ãðàíèöû äîëæíû áûòü íàëîæåíû íå êîòîðûå îãðàíè÷å-
íèÿ, ïîçâîëÿþùèå âîññòàíîâèòü ÿðêîñòü â ëþáîé òî÷êå. Äëÿ ýò îãî îáëàñòü èçîáðàæåíèÿ
äåëèòñÿ íà êâàäðàòíûå ïëèòêè ñ âåðøèíàìè â öåíòðàõ ïèêñåëåé :
� êàæäàÿ ïëèòêà ìîæåò ñîäåðæàòü íå áîëåå îäíîé îïîðíîé òî÷êè ëèíèè, ïðåäñòàâëÿ-

þùåé ãðàíèöó;
� êàæäàÿ ñòîðîíà ïëèòêè ìîæåò ïåðåñåêàòüñÿ íå áîëåå ÷åì ñ îäí îé ëèíèåé ãðàíèöû;
� ãðàíèöà íå ìîæåò ïðîõîäèòü ÷åðåç óãîë ïëèòêè.

Ïðè èñïîëüçîâàíèè êîñìè÷åñêèõ èçîáðàæåíèé íå èìååò ñìûñëà òðåáîâàòü õðàíåíèÿ
â îñîáîì âèäå, íî ñóùåñòâóåò âîçìîæíîñòü èñïîëüçîâàòü äîïî ëíèòåëüíóþ èíôîðìàöèþ
î ïîâåðõíîñòè, èçîáðàæåíèå êîòîðîé òðåáóåòñÿ óëó÷øèòü. Â ê à÷åñòâå òàêîé èíôîðìàöèè
äîñòóïíû ðàçëè÷íûå êàðòû ïîâåðõíîñòè, ñîçäàííûå ðàíåå ïî ä ðóãèì äàííûì äèñòàíöè-
îííîãî çîíäèðîâàíèÿ, à òàêæå ñ ïîìîùüþ íàçåìíûõ èçìåðåíèé � êàðòû ïîäñòèëàþùåé
ïîâåðõíîñòè, ãðàíèöà ñóøè è âîäû, êàðòà äîðîæíîé ñåòè è äð. Ï ðåäïîëàãàåòñÿ èñïîëüçîâà-
íèå òàêèõ êàðò â êà÷åñòâå àïðèîðíîé èíôîðìàöèè â âåêòîðíîé ô îðìå, íàïðèìåð â ôîðìàòå
øåéïôàéëà [20], ñîäåðæàùåãî ïîëèãîíû.
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Ñôîðìóëèðóåì óñëîâèÿ çàäà÷è.
Íà ïëîñêîñòè (x; y) çàäàíî èçîáðàæåíèå � ôóíêöèÿ ÿðêîñòè I (x i ; yj ), çàäàííàÿ íà ðå-

ãóëÿðíîé ñåòêå
x i = id; yj = jd; i 2 f 1; :::; hg; j 2 f 1; : : : ; wg;

ãäåd � ðàçìåð ÿ÷åéêè. Òî÷êè èçîáðàæåíèÿ, ïðåäñòàâëåííûå ñâîèìè êîîðäèíàòàìè è çíà-
÷åíèåì ÿðêîñòè, áóäåì íàçûâàòü òàêæå ïèêñåëÿìè.

Äîïîëíèòåëüíî çàäàíî äåëåíèå ìíîæåñòâà îïðåäåëåíèÿ ôóíêö èè íà îáëàñòè Pk , k 2
2 f 1; :::; K g. Êàæäàÿ îáëàñòü ïðåäñòàâëÿåò ñîáîé îòäåëüíûé îáúåêò, îáëàäàþùèé ðåçêîé
ãðàíèöåé ñ äðóãèìè îáúåêòàìè è ôîíîì, òàê ÷òî ïðè îïåðàöèÿõ ñ èçîáðàæåíèåì çíà÷åíèÿ
ÿðêîñòè âíóòðè è ñíàðóæè îáúåêòà íå äîëæíû ñìåøèâàòüñÿ.

Íà ïðàêòèêå îáëàñòè Pk ; k 2 f 1; : : : ; K � 1g, çàäàþòñÿ â âèäå ïîëèãîíîâ, à îáëàñòü PK

ïðåäñòàâëÿåò ñîáîé ôîí � ìíîæåñòâî òî÷åê, íå âîøåäøèõ íè â îä íó äðóãóþ îáëàñòü. Êàæ-
äûé ïîëèãîí ïðåäñòàâëÿåò ñîáîé ïëîñêèé ìíîãîóãîëüíèê, çàä àííûé ïîñëåäîâàòåëüíîñòüþ
òî÷åê pl (x; y); l 2 f 1; :::; ng.

Òðåáóåòñÿ ïîëó÷èòü ïðîïîðöèîíàëüíî óâåëè÷åííîå èçîáðàæå íèå ïîâûøåííîãî ðàçðå-
øåíèÿ:

I (xp; yq); xp = pb; yq = qb; p2 f 1; :::; Hg; q 2 f 1; :::; Wg; b < d ;

ïðè÷åì ÿðêîñòè òî÷åê, ïðèíàäëåæàùèõ ê îïðåäåëåííîìó ïîëèã îíó, äîëæíû áûòü âû÷èñ-
ëåíû ñ èñïîëüçîâàíèåì èçâåñòíûõ çíà÷åíèé ôóíêöèè òîëüêî â ò åõ òî÷êàõ, êîòîðûå ëåæàò
âíóòðè äàííîãî ïîëèãîíà:

8(x; y) 2 P : I (x; y) = f (I (xk1 ; yk1); xk1 ; yk1 ; :::; I (xkm ; ykm ); xkm ; ykm ) : (xk i ; yk i ) 2 P

8i 2 f 1; :::; mg:

Òàêæå äëÿ îáåñïå÷åíèÿ ëèíåéíîé ñëîæíîñòè àëãîðèòì äîëæåí á ûòü ëîêàëüíûì, ò. å.

9L : 8(x; y) : I (x; y) = f (I (xk1 ; yk1 ; :::; I (xkm ; ykm ); xkm ; ykm ) :

8i 2 f 1; :::; mg : � ((x; y); (xk i ; yk i )) < L ; (1)

ãäå� ((x1; y1); (x2; y2)) � ðàññòîÿíèå ìåæäó òî÷êàìè (x1; y1) è (x2; y2).
Ïî àíàëîãèè ñ îãðàíè÷åíèåì íà îïèñàíèå ãðàíèö â îïðåäåëåíèè áèêñåëåé, íåîáõîäèìî

çàäàòü óñëîâèÿ íà ïîëèãîíû:
� êàæäûé ïîëèãîí äîëæåí ñîäåðæàòü êàê ìèíèìóì îäèí ïèêñåëü è ñõîäíîãî èçîáðàæå-

íèÿ, ÷òîáû íå áûëî íåîïðåäåëåííûõ çíà÷åíèé:

8P9i 2 f 1; : : : ; hg; j 2 f 1; : : : ; wg : (x i ; yj ) 2 P; (2)

� ïîëèãîíû íå äîëæíû èìåòü ïåðåñå÷åíèé.

8i; j : Pi \ Pj = ? :

Äëÿ êàæäîé òî÷êè íîâîãî èçîáðàæåíèÿ (xp; yq) ðåøàåòñÿ çàäà÷à èíòåðïîëÿöèè ôóíê-
öèè I (x; y) ïî èçâåñòíûì òî÷êàì. Êàê áàçîâûé ìåòîä ïîâûøåíèÿ ðàçðåøàþù åé ñïîñîá-
íîñòè èñïîëüçóåòñÿ îäèí èç èçâåñòíûõ ëîêàëüíûõ ìåòîäîâ, íå òðåáóþùèõ äîïîëíèòåëüíîé
èíôîðìàöèè � áèëèíåéíàÿ èëè áèêóáè÷åñêàÿ èíòåðïîëÿöèÿ [10 ].

Â ñëó÷àå, êîãäà âñå ïèêñåëè èñõîäíîãî èçîáðàæåíèÿ, âëèÿþùè å íà äàííûå ïèêñåëü
íîâîãî, ñîãëàñíî (1), ðàñïîëîæåíû â îäíîé îáëàñòè è óñëîâèå (2) âûïîëíÿåòñÿ àâòîìàòè-
÷åñêè, ìîæíî ñ÷èòàòü, ÷òî â îêðåñòíîñòè íå ïðîõîäèò ãðàíèöû , è èñïîëüçîâàòü áàçîâûé
ìåòîä èíòåðïîëÿöèè.
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Â òîì ñëó÷àå, êîãäà ïèêñåëè èñõîäíîãî èçîáðàæåíèÿ, âëèÿþùè å íà äàííûé ïèêñåëü
íîâîãî èçîáðàæåíèÿ, ëåæàò â ðàçíûõ îáëàñòÿõ, äëÿ èíòåðïîëÿ öèè íîâîãî ïèêñåëÿ èñïîëü-
çóþòñÿ òîëüêî òå ïèêñåëè èñõîäíîãî èçîáðàæåíèÿ, êîòîðûå ëå æàò â òîé æå îáëàñòè, ÷òî
è äàííûé ïèêñåëü èçîáðàæåíèÿ ïîâûøåííîãî ðàçðåøåíèÿ.

Òàêèì îáðàçîì, âáëèçè çàäàííûõ ãðàíèö îáúåêòîâ íåâîçìîæíî ïîñòðîåíèå ðåãóëÿð-
íîé ïðÿìîóãîëüíîé ñåòêè, ïîýòîìó òðåáóåòñÿ ïðèìåíåíèå ìåò îäîâ, ðàáîòàþùèõ íà íåðå-
ãóëÿðíûõ ñåòêàõ. Â ñòàòüå [21] îïèñûâàåòñÿ òàêîé ìåòîä, ïîçâîëÿþùèé èíòåðïîëèðîâàòü
çíà÷åíèÿ, îïðåäåëåííûå íà íåðåãóëÿðíîé ñåòêå ãëàäêîé ôóíê öèåé. Â äàííîì ìåòîäå èñ-
ïîëüçóåòñÿ ðàçíîå êîëè÷åñòâî óçëîâ â çàâèñèìîñòè îò ðàññòî ÿíèÿ èõ äî èñêîìîé òî÷êè,
íàïðàâëåíèÿ è ïëîòíîñòè óçëîâ â äàííîé îáëàñòè. Ïîëó÷åííàÿ ôóíêöèÿ ñîîòâåòñòâóåò çíà-
÷åíèÿì, çàäàííûì â óçëàõ, ÿâëÿåòñÿ ãëàäêîé è íåïðåðûâíîé. Ç íà÷åíèå ôóíêöèè â òî÷êå
âûðàæàåòñÿ ñëåäóþùèì îáðàçîì:

f (P) =

(
j
P

D i 2 C 0 wi (f i +� f i ) j

j
P

D i 2 C 0 wi j
; åñëè8D i : di > " ;

f i åñëè9D i : di 6 ";
;

ãäåP � èñêîìàÿ òî÷êà, äëÿ êîòîðîé ïðîèçâîäèòñÿ èíòåðïîëÿöèÿ; D i � óçëû íåðåãóëÿðíîé
ñåòêè, ó÷àñòâóþùèå â èíòåðïîëÿöèè; f i � çíà÷åíèå ôóíêöèè â óçëå D i ; di � ðàññòîÿíèå
ìåæäó èñêîìîé òî÷êîé è óçëîì D i ; " � ìàëîå ÷èñëî, ââåäåííîå äëÿ ó÷åòà ïîãðåøíîñòåé
îêðóãëåíèÿ ïðè êîìïüþòåðíîì ðàñ÷åòå; � f i � ïàðàìåòð, õàðàêòåðèçóþùèé ïåðâóþ ïðî-
èçâîäíóþ ôóíêöèè âáëèçè óçëà ñåòêè; ïðè ýòîì ïðåäïîëàãàåòñ ÿ, ÷òî òîëüêî îäíà òî÷êà
ìîæåò áûòü íàñòîëüêî áëèçêà ê èñêîìîé, òàê êàê èñõîäíûå òî÷ê è âûáèðàþòñÿ èç óçëîâ
ðåãóëÿðíîé ñåòêè.

Ìíîæåñòâî C0 � òå óçëû íåðåãóëÿðíîé ñåòêè, êîòîðûå èñïîëüçóþòñÿ ïðè ðàñ÷ åòå èí-
òåðïîëÿöèè, èõ íå ìåíåå 4 è íå áîëåå 10. Â íåãî âõîäÿò áëèæàéøè å ê èñêîìîé òî÷êå óçëû,
âõîäÿùèå â ðàäèóñ r , âûáèðàåìûé òàê, ÷òîáû â ñðåäíåì â íåãî âõîäèëè 7 òî÷åê:

r =

r
7A
N�

;

ãäå A � ïëîùàäü âûïóêëîé îáîëî÷êè èñõîäíîãî ìíîæåñòâà òî÷åê; N � èõ êîëè÷åñòâî,
ëèáî 4 áëèæàéøèõ óçëà, åñëè â ðàäèóñr âõîäÿò íå áîëåå 3, ëèáî 10 áëèæàéøèõ óçëîâ,
åñëè â ðàäèóñr âõîäÿò áîëåå 10. Ñîîòâåòñòâåííî r 0 � ðàññòîÿíèå îò P, â êîòîðîå âõîäÿò
jC0j òî÷åê.

Âåñîâàÿ ôóíêöèÿ, îïðåäåëÿþùàÿ âëèÿíèå êàæäîãî óçëà ñåòêè í à èíòåðïîëèðóåìîå
çíà÷åíèå, çàäàåòñÿ ñëåäóþùèì îáðàçîì:

wi = s2
i (1 + t i );

ãäåsi � ÷ëåí, ó÷èòûâàþùèé ðàññòîÿíèå äî óçëà D i , à t i � ÷ëåí, ó÷èòûâàþùèé íàïðàâëå-
íèå.

Âåñîâàÿ ôóíêöèÿ çàâèñèò îò ðàññòîÿíèÿ òàêèì îáðàçîì, ÷òîáû ãëàäêèì îáðàçîì ñõî-
äèòüñÿ ê íóëþ ïðè óäàëåíèè, èìåÿ âáëèçè âèä îáðàòíîãî êâàäðà òà:

si =

8
>>><

>>>:

1
d

; 0 < d 6 r 0

3 ;
27
4r 0

(
d
r 0

� 1)2;
r 0

3
< d 6 r 0;

0; r 0 < d
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Çàâèñèìîñòü âåñîâîé ôóíêöèè îò íàïðàâëåíèÿ ââåäåíà äëÿ òîã î, ÷òîáû ó÷èòûâàòü
¾çàòåíåíèå¿ áîëåå óäàëåííûõ òî÷åê íà îäíîì è òîì æå íàïðàâëå íèè îò èñêîìîé:

t i =

P
D j 2 C0 sj j1 � cos(D i P D j )j

P
D j 2 C0 sj

:

Â ýòîì ÷ëåíå äëÿ òî÷êè D i ó÷èòûâàþòñÿ óãëû D i P D j äëÿ âñåõj , è îí òåì ìåíüøå, ÷åì
ìåíüøå ýòè óãëû. Òàêèì îáðàçîì, òî÷êè, ëåæàùèå ðÿäîì äðóã ñ ä ðóãîì â îäíîì íàïðàâ-
ëåíèè îò òî÷êè, äëÿ êîòîðîé ïðîâîäèòñÿ èíòåðïîëÿöèÿ, áóäóò èìåòü ïîíèæåííûé âåñîâîé
êîýôôèöèåíò ïî ñðàâíåíèþ ñ òî÷êàìè, ëåæàùèìè íà ìåíåå ïëîòí ûõ íàïðàâëåíèÿõ.

Íåñìîòðÿ íà òî ÷òî åñòü âîçìîæíîñòü èñïîëüçîâàòü äàííûé ìåò îä äëÿ âñåãî èçîáðà-
æåíèÿ êàê âáëèçè ãðàíèö, òàê è â îòäàëåíèè îò íèõ, â ðàññìàòðèâàåìîì ñëó÷àå ýòî íå
ïðåäñòàâëÿåòñÿ öåëåñîîáðàçíûì, òàê êàê ïðè óäàëåíèè îò ãðàíèöû âîçìîæíà èíòåðïî-
ëÿöèÿ ïî ðåãóëÿðíîé ñåòêå (íàïðèìåð, áèêóáè÷åñêàÿ), êîòîð àÿ äàåò õîðîøèå ðåçóëüòàòû
è ìåíåå âû÷èñëèòåëüíî çàòðàòíà.

3 Îïèñàíèå àëãîðèòìà
Â êà÷åñòâå áàçîâîãî ìåòîäà èíòåðïîëÿöèè âûáðàíà áèêóáè÷åñêàÿ èíòåðïîëÿöèÿ, òàê

êàê îíà ïîçâîëÿåò ïðîèçâîäèòü äîñòàòî÷íî êà÷åñòâåííîå ïîâ ûøåíèå ðàçðåøåíèÿ è ïðè
ýòîì ÿâëÿåòñÿ îòíîñèòåëüíî ïðîñòûì, ëîêàëüíûì, îäíîñòóïå í÷àòûì ìåòîäîì.

Òàêèì îáðàçîì, áàçîâûì ìåòîäîì èíòåðïîëÿöèè ìîæíî âîñïîëü çîâàòüñÿ, êîãäà 16 ïèê-
ñåëåé èñõîäíîãî èçîáðàæåíèÿ, áëèæàéøèõ ê òî÷êå, äëÿ êîòîðî é íåîáõîäèìî âû÷èñëèòü
ÿðêîñòü, íàõîäÿòñÿ â îäíîé îáëàñòè. Â ñëó÷àå êîãäà ÷àñòü ýòèõ ïèêñåëåé ëåæèò â òîé æå
îáëàñòè, ÷òî è èñêîìàÿ òî÷êà, à ÷àñòü îòäåëåíà ãðàíèöåé, ñóùåñòâóåò ìíîæåñòâî âîçìîæ-
íîñòåé âû÷èñëåíèÿ è ÷àñòü èç íèõ òðåáóåò ýêñïåðèìåíòàëüíîãî ñðàâíåíèÿ.

Â ñëó÷àå åñëè íå âñå 16 çàäàííûõ òî÷åê ëåæàò â äàííîé îáëàñòè,ïðèìåíÿåòñÿ âû-
÷èñëåíèå çíà÷åíèÿ ÿðêîñòè ìåòîäîì Øåïàðäà ñ âûáîðîì èñõîäí ûõ òî÷åê èç ïåðåñå÷åíèÿ
èñêîìîé îáëàñòè ñ áëèæàéøèìè 16 ïèêñåëÿìè.

Íàçîâåì êâàäðàò, îáðàçîâàííûé öåíòðàìè ÷åòûðåõ ñîñåäíèõ ï èêñåëåé èçîáðàæåíèÿ
íèçêîãî ðàçðåøåíèÿ, ÿ÷åéêîé, à îêðóæàþùèå åãî 16 ïèêñåëåé è ñõîäíîãî èçîáðàæåíèÿ
îêðåñòíîñòüþ. Íà ðèñ. 2 ïðåäñòàâëåíà ÿ÷åéêà (çàøòðèõîâàíí àÿ îáëàñòü) è åå îêðåñòíîñòü.

Ðèñ. 2 ß÷åéêà èçîáðàæåíèÿ è 16 ïèêñåëåé, èñïîëüçóåìûõ äëÿ èíòåðïî ëÿöèè â åå ïðåäåëàõ
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Ðèñ. 3 Áëîê-ñõåìà ðàáîòû àëãîðèòìà

Çíà÷åíèÿ èíòåðïîëÿöèîííîé ôóíêöèè âíóòðè ÿ÷åéêè çàâèñÿò ò îëüêî îò çíà÷åíèé ÿðêîñòè
â îêðåñòíîñòè, ïðè÷åì äëÿ âñåõ òî÷åê âíóòðè ÿ÷åéêè ìåòîä èíò åðïîëÿöèè îäèí è òîò æå:
ëèáî áèêóáè÷åñêàÿ èíòåðïîëÿöèÿ, åñëè âñÿ îêðåñòíîñòü ëåæèò â îäíîé îáëàñòè, ëèáî ìåòîä
Øåïàðäà äëÿ ïèêñåëåé, ëåæàùèõ â òîé æå îáëàñòè, ÷òî è òî÷êà, äëÿ êîòîðîé âû÷èñëÿåò-
ñÿ ôóíêöèÿ. Ïîýòîìó ïîâûøåíèå ðàçðåøåíèÿ ñîñòîèò èç ïîâòîð åíèÿ èäåíòè÷íûõ øàãîâ
äëÿ êàæäîé ÿ÷åéêè èñõîäíîãî èçîáðàæåíèÿ è êàæäîãî êëàññà îá úåêòîâ, ñîäåðæàùèõñÿ
â øåéïôàéëå.

Àëãîðèòì îáðàáîòêè èçîáðàæåíèÿ â âèäå áëîê-ñõåìû ïðåäñòàâ ëåí íà ðèñ. 3.
Îáëàñòè ñ êîíòðàñòíûìè ãðàíèöàìè çàäàþòñÿ â îäíîì èëè íåñêî ëüêèõ âåêòîðíûõ ôàé-

ëàõ â âèäå ïîëèãîíîâ. Äëÿ îïðåäåëåíèÿ, êàêîé îáëàñòè ïðèíàä ëåæèò îïðåäåëåííàÿ òî÷êà,
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ïðîèçâîäèòñÿ ïðîâåðêà ïî êàæäîìó øåéïôàéëó, ëåæèò ëè òî÷êà âíóòðè êàêîãî-ëèáî èç åãî
ïîëèãîíîâ. Òàê êàê òàêóþ ïðîâåðêó íåîáõîäèìî äåëàòü äëÿ êàæ äîé òî÷êè, öåëåñîîáðàçíî
èñïîëüçîâàòü ìåòîä èíäåêñàöèè âåêòîðíîãî ôàéëà äëÿ óñêîðå íèÿ ïîèñêà íóæíîãî ïîëèãî-
íà [22]. Â çàâèñèìîñòè îò òîãî, ëåæàò ëè òî÷êè âíóòðè êàêîãî- ëèáî èç ïîëèãîíîâ, êàæäîé
èç íèõ ïðèñâàèâàåòñÿ íîìåð ñîîòâåòñòâóþùåé îáëàñòè. Åñëè âñå òî÷êè îêðåñòíîñòè ëå-
æàò â îäíîé îáëàñòè, òî ê êàæäîé òî÷êå, äëÿ êîòîðîé òðåáóåòñÿ ðàññ÷èòàòü çíà÷åíèå, ò. å.
êàæäîé òî÷êå èçîáðàæåíèÿ ïîâûøåííîãî ðàçðåøåíèÿ, ëåæàùåé âíóòðè äàííîé ÿ÷åéêè,
ïðèìåíÿåòñÿ áèêóáè÷åñêàÿ èíòåðïîëÿöèÿ.

Åñëè æå â îêðåñòíîñòè ÿ÷åéêè íàõîäÿòñÿ ïèêñåëè, ïðèíàäëåæàùèå ðàçíûì îáëàñòÿì,
òî äëÿ êàæäîãî ïèêñåëÿ èçîáðàæåíèÿ ïîâûøåííîãî ðàçðåøåíèÿ òåì æå îáðàçîì îïðåäå-
ëÿåòñÿ îáëàñòü, ê êîòîðîé îí ïðèíàäëåæèò. Ïîñëå ýòîãî èñêîì îå çíà÷åíèå âû÷èñëÿåòñÿ
èíòåðïîëÿöèåé ïî ìåòîäó Øåïàðäà íà îñíîâàíèè òî÷åê îêðåñòí îñòè, ïðèíàäëåæàùèõ òîé
æå îáëàñòè. Îãðàíè÷åíèÿ, íàëîæåííûå íà ïîëèãîíû, îáåñïå÷è âàþò íàëè÷èå õîòÿ áû îä-
íîãî ïèêñåëÿ èñõîäíîãî èçîáðàæåíèÿ âíóòðè êàæäîãî ïîëèãîí à, ïîýòîìó èíòåðïîëÿöèÿ
âîçìîæíà äëÿ ëþáîé òî÷êè.

4 Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà
Ïðîâåðêà ðàçðàáîòàííûõ ìåòîäîâ è àëãîðèòìîâ âîçìîæíà êàê í à ðåàëüíûõ, òàê è íà

ìîäåëüíûõ äàííûõ [1, 2, 23], â äàííîì ñëó÷àå èññëåäîâàíèå íà ðåàëüíûõ äàííûõ ìîæåò
ïîêàçàòü áîëåå ðåïðåçåíòàòèâíûå ðåçóëüòàòû. Äëÿ ýêñïåðèì åíòàëüíîé ïðîâåðêè áûëè èñ-
ïîëüçîâàíû êîñìè÷åñêèå èçîáðàæåíèÿ Landsat 5 ñ ðàçðåøåíèå ì 30 ì â íàäèðå è êàðòà
âîäîåìîâ Ðîññèè â âåêòîðíîé ôîðìå. Äëÿ ëó÷øåé êîíòðàñòíîñò è âîäîåìîâ áûë âûáðàí
ñïåêòðàëüíûé êàíàë èçîáðàæåíèÿ â êîðîòêîâîëíîâîì èíôðàêð àñíîì äèàïàçîíå (äëèíà
âîëíû 1,55�1,75 ìêì). Äëÿ òåñòèðîâàíèÿ àëãîðèòìà êâàäðàòí ûé ôðàãìåíò èçîáðàæåíèÿ
Landsat ðàçìåðîì 500� 500òî÷åê çàãðóáëÿëñÿ â 4 ðàçà, à çàòåì ïðîâîäèëîñü ïîâûøåíèå
ðàçðåøåíèÿ èññëåäóåìûì ìåòîäîì è äëÿ ñðàâíåíèÿ � ïîâûøåíèå ðàçðåøåíèÿ ìåòîäîì áè-
êóáè÷åñêîé èíòåðïîëÿöèè. Ìåòîä áèêóáè÷åñêîé èíòåðïîëÿöè è áûë âûáðàí äëÿ ñðàâíåíèÿ,
òàê êàê îí èñïîëüçóåòñÿ êàê áàçîâûé ìåòîä âî âñåõ òî÷êàõ, óäà ëåííûõ îò ãðàíèö îáúåêòîâ,
è ïîëó÷åííàÿ ðàçíèöà áóäåò íåïîñðåäñòâåííî ïðåäñòàâëÿòü ò î îòëè÷èå, êîòîðîå äîñòèã-
íóòî èñïîëüçîâàíèåì èíôîðìàöèè î ãðàíèöàõ îáúåêòîâ. Òàêæå äëÿ ñðàâíåíèÿ èñïîëü-
çîâàí ìåòîä Øåïàðäà äëÿ âñåãî èçîáðàæåíèÿ. Òàêæå ðåçóëüòàò ðàáîòû ðàçðàáîòàííîãî
àëãîðèòìà ñðàâíèâàëñÿ ñ óâåëè÷åíèåì âñåãî èçîáðàæåíèÿ ìåòîäîì Øåïàðäà â âàðèàíòàõ
ñ ïðèìåíåíèåì âåêòîðíûõ äàííûõ è áåç ïðèìåíåíèÿ.

Àëãîðèòì Øåïàðäà èñïîëüçîâàí â ðåàëèçàöèè Burkardt [24], á èêóáè÷åñêàÿ èíòåðïî-
ëÿöèÿ è ïðîãðàììà äëÿ ýêñïåðèìåíòàëüíîé ïðîâåðêè ðåàëèçîâ àíà íà ÿçûêå C. Èñõîäíûå
èçîáðàæåíèÿ Landsat ïîëó÷åíû ñ ïîìîùüþ îíëàéí-ñåðâèñà Ear thexplorer [25].

Ïðèìåð èñõîäíûõ äàííûõ è ðåçóëüòàòà ðàáîòû ïðèâåäåí íà ðèñ. 4. Âèäíî, ÷òî ïðè
ïîâûøåíèè ðàçðåøåíèÿ ìåòîäîì áèêóáè÷åñêîé èíòåðïîëÿöèè ( ñì. ðèñ. 4, á) ãðàíèöû ðåêè
ðàçìûâàþòñÿ, à ïðè èñïîëüçîâàíèè àïðèîðíîé èíôîðìàöèè â âå êòîðíîé ôîðìå � ñîõðà-
íÿþò ðåçêîñòü.

Ðåçóëüòàòû ñðàâíèòåëüíîãî èññëåäîâàíèÿ ñîáðàíû â òàáë. 1. ×òîáû îöåíèòü êà÷åñòâî
ïîâûøåíèÿ ðàçðåøåíèÿ, ïîëó÷åííûå ðåçóëüòàòû ñðàâíèâàþòñ ÿ ñ ýòàëîíîì � èçîáðàæå-
íèåì, èç êîòîðîãî çàãðóáëåíèåì ïîëó÷åíî èñõîäíîå èçîáðàæå íèå. Äëÿ ýòîãî ïðèìåíÿþòñÿ
ðàçëè÷íûå êîëè÷åñòâåííûå îöåíêè, â ðàìêàõ äàííîãî èññëåäî âàíèÿ áûëè âûáðàíû äâå:
ñðåäíåêâàäðàòè÷íàÿ îøèáêà (RMSE � root mean square error) è èíäåêñ ñòðóêòóðíîãî ñõîä-
ñòâà (SSIM � structural similarity) [26, 27].
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Ðèñ. 4 Ýòàëîííîå èçîáðàæåíèå ( à); âåêòîðíûå äàííûå � êàðòà âîäîåìîâ ( á); ðåçóëüòàò áèêó-
áè÷åñêîé èíòåðïîëÿöèè ( â) è ðåçóëüòàò ðàçðàáîòàííîãî ìåòîäà ñ èñïîëüçîâàíèåì àïðèî ðíîé èí-
ôîðìàöèè â âåêòîðíîé ôîðìå ( ã)

Òàáëèöà 1 Ðåçóëüòàò ýêñïåðèìåíòàëüíîé ïðîâåðêè

Ìåòîä RMSE MSSIM
Áèêóáè÷åñêàÿ èíòåðïîëÿöèÿ 433,4 0,45844

Ìåòîä Øåïàðäà 483,88 0,42699
Ìåòîä Øåïàðäà ñ ãðàíèöàìè 386,71 0,45002

Äàííûé ìåòîä 366,37 0,47107

Ñðåäíåêâàäðàòè÷íàÿ îøèáêà îïðåäåëÿåò èçìåíåíèå ÿðêîñòè ï èêñåëåé ïî ôîðìóëå [26]:

RMSE (I 1; I 2) =

s P h
i =1

P w
j =1 (I 1(i; j ) � I 2(i; j ))2

hw
;

ãäåI 1(i; j ) è I 2(i; j ) � ôóíêöèè ÿðêîñòè ñðàâíèâàåìûõ èçîáðàæåíèé.
Ïðè èçìåðåíèè íà îäíîðîäíîé îáëàñòè èçîáðàæåíèÿ ñðåäíåêâà äðàòè÷íàÿ îøèáêà ïîç-

âîëÿåò äîñòàòî÷íî õîðîøî îöåíèòü ñïåêòðàëüíîå êà÷åñòâî èç îáðàæåíèÿ. Ñðåäíåêâàäðà-
òè÷íàÿ îøèáêà äîëæíà áûòü áëèçêà ê íóëþ. Èíäåêñ ñòðóêòóðíîã î ñõîäñòâà õàðàêòåðåí
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òåì, ÷òî ó÷èòûâàåò ¾âîñïðèÿòèå îøèáêè¿, áëàãîäàðÿ ó÷åòó ñòðóêòóðíîãî èçìåíåíèÿ èí-
ôîðìàöèè. Èäåÿ çàêëþ÷àåòñÿ â òîì, ÷òî ïèêñåëè èìåþò ñèëüíóþ âçàèìîñâÿçü, îñîáåí-
íî êîãäà îíè áëèçêè ïðîñòðàíñòâåííî. Äàííûå çàâèñèìîñòè íå ñóò âàæíóþ èíôîðìàöèþ
î ñòðóêòóðå îáúåêòîâ è î ñöåíå â öåëîì. Äëÿ äâóõ êâàäðàòíûõ îê îí a � I 1 è b � I 2,
èìåþùèõ îäèíàêîâûé ðàçìåð [27]:

SSIMlocal(a; b) =
(2� a� b + c1)(2� 2

ab + c2)
(� 2

a + � 2
b + c1)( � 2

a + � 2
b + c2)

;

ãäå� a � ñðåäíåå çíà÷åíèå ÿðêîñòè èçîáðàæåíèÿ I 1 â îêíå a; � b � ñðåäíåå çíà÷åíèå ÿðêîñòè
èçîáðàæåíèÿ I 2 â îêíå b; � 2

a � äèñïåðñèÿ ÿðêîñòè a; � 2
b � äèñïåðñèÿ b; � 2

ab � êîâàðèàöèÿ a
è b. Êîíñòàíòû c1 è c2 âû÷èñëÿþòñÿ êàêc1 = (0 ;01L)2 è c2 = (0 ;03L)2, ãäåL � äèíàìè÷åñêèé
äèàïàçîí çíà÷åíèé ÿðêîñòè ïèêñåëåé.

Ìåòðèêà SSIM ðàññ÷èòàíà íà ðàçëè÷íûå ðàçìåðû îêíà, êàê ïðàâ èëî, ýòî êâàäðàò-
íûé ó÷àñòîê èçîáðàæåíèÿ ñ ëèíåéíûì ðàçìåðîì 8 ïèêñåëåé. Îíà ïðèíèìàåò çíà÷åíèÿ
îò � 1 äî 1, ïðè÷åì çíà÷åíèå 1 ñîîòâåòñòâóåò àáñîëþòíî èäåíòè÷íûì ó÷à ñòêàì, êîãäà � a =
= � b; � 2

a = � 2
b = � 2

ab, ïðè ïîÿâëåíèè ðàçëè÷èé 2� a� b < � 2
a + � 2

b è 2� 2
ab < � 2

a + � 2
b èíäåêñ

óìåíüøàåòñÿ âïëîòü äî çíà÷åíèÿ � 1.
Äëÿ îöåíêè êà÷åñòâà âñåãî èçîáðàæåíèÿ ðàññ÷èòûâàåòñÿ ñðåäíåå çíà÷åíèå SSIM ïî

âñåâîçìîæíûì ïîëîæåíèÿì îêíà íà èçîáðàæåíèÿõ:

MSSIM =
X

x2 I 1 ;y2 I 2

SSIMlocal(x; y) :

Ïîëó÷åííûé èíäåêñ, ÿâëÿÿñü óñðåäíåíèåì SSIM, ëåæèò â ïðåäå ëàõ îò � 1 äî 1, è ÷åì îí
áîëüøå, òåì áîëåå ñõîæè èçîáðàæåíèÿ.

Âðåìÿ ðàáîòû ðàçðàáîòàííîãî àëãîðèòìà çàâèñèò îò êîíöåíòð àöèè ãðàíèö, çàäàííûõ
âåêòîðíûìè äàííûìè. Â ñëó÷àå îòñóòñòâèÿ ãðàíèö âðåìÿ ðàáîò û ñîîòâåòñòâóåò áèêóáè÷å-
ñêîé èíòåðïîëÿöèè, â ñëó÷àå íàëè÷èÿ èõ â îêðåñòíîñòè ëþáîé ÿ ÷åéêè � ìåòîäó Øåïàðäà.
Íà òåñòîâûõ äàííûõ âðåìÿ ðàáîòû áèêóáè÷åñêîé èíòåðïîëÿöèè , ðàçðàáîòàííîãî àëãîðèò-
ìà è ìåòîäà Øåïàðäà ñîîòíîñèòñÿ êàê 1 : 5 : 60.

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçûâàþò, ÷òî ïðèìåíåíèå âåêòîðí îé èíôîðìàöèè ïðè èñ-
ïîëüçîâàíèè áèêóáè÷åñêîé èíòåðïîëÿöèè â êà÷åñòâå áàçîâîã î ìåòîäà ïîâûøåíèÿ ðàçðå-
øåíèÿ ïîçâîëÿåò óëó÷øèòü ðåçóëüòàò. Ðàçðàáîòàííûé ìåòîä, ñî÷åòàÿ â ñåáå ïîäõîäû, ïðè-
ìåíåííûå â áàçîâûõ ìåòîäàõ, â ðàññìîòðåííûõ óñëîâèÿõ ïðåâî ñõîäèò èõ îáà ïî êà÷åñòâó
ïîâûøåíèÿ ðàçðåøåíèÿ èçîáðàæåíèÿ, èçìåðåííîìó ñ ïîìîùüþ ä âóõ ðàçëè÷íûõ êðèòå-
ðèåâ.

Ñëåäóåò çàìåòèòü, ÷òî ïîâûøåíèå êà÷åñòâà òðåáóåò òî÷íîãî ï îçèöèîíèðîâàíèÿ âåê-
òîðíûõ äàííûõ îòíîñèòåëüíî ðàñòðîâûõ, èíà÷å íåèçáåæíî ïîÿ âëåíèå àðòåôàêòîâ � ïå-
ðåïàäîâ ÿðêîñòè òàì, ãäå èõ áûòü íå äîëæíî, è ñîîòâåòñòâåííî ñíèæàþòñÿ ÷èñëåííûå
õàðàêòåðèñòèêè êà÷åñòâà ïîâûøåíèÿ ðàçðåøåíèÿ.

Ïðè ýòîì óëó÷øåíèå â ìåíüøåé ñòåïåíè êàñàåòñÿ âîñïðèÿòèÿ ñõ îæåñòè èçîáðàæåíèÿ
÷åëîâåêîì, ÷òî ïîêàçûâàþò áëèçêèå çíà÷åíèÿ èíäåêñà ñòðóêò óðíîãî ñõîäñòâà, è â áîëüøåé
ñòåïåíè ðåàëüíîé, ìàòåìàòè÷åñêîé ïîïèêñåëüíîé áëèçîñòè ê èçîáðàæåíèþ, êîòîðàÿ âûðà-
æàåòñÿ ìåòîäîì ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ. Òàêèì îáð àçîì, äàííûé ìåòîä ìîæåò
áûòü ïðèìåíåí äëÿ ïîâûøåíèÿ ðàçðåøåíèÿ èçîáðàæåíèé ñ öåëüþ ïîñëåäóþùåé êîìïüþ-
òåðíîé îáðàáîòêè ìåòîäàìè, èñïîëüçóþùèìè çíà÷åíèÿ ÿðêîñò è � ñåãìåíòàöèè, êëàññèôè-
êàöèè è äð.
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5 Çàêëþ÷åíèå
Ðàçðàáîòàí ìåòîä ïîâûøåíèÿ ïðîñòðàíñòâåííîãî ðàçðåøåíèÿ èçîáðàæåíèé ñ èñïîëü-

çîâàíèåì àïðèîðíîé èíôîðìàöèè î ãðàíèöàõ îáúåêòîâ, âûðàæå ííîé â âåêòîðíîé ôîðìå.
Ìåòîä ïðèìåíèì äëÿ óëó÷øåíèÿ êîñìè÷åñêèõ èçîáðàæåíèé, ïðè ÷åì â êà÷åñòâå âåêòîðíîé
èíôîðìàöèè î ãðàíèöàõ îáúåêòîâ äîñòóïíû ðàçëè÷íûå êàðòû ìå ñòíîñòè, ïðåäâàðèòåëüíî
ñîñòàâëåííûå ïî äàííûì âûñîêîãî ðàçðåøåíèÿ, íàçåìíûì íàáë þäåíèÿì è ò. ï.

Ðàçðàáîòàííûé ìåòîä èñïîëüçóåò ðàçíûå ïîäõîäû ê ïîâûøåíèþ ðàçðåøåíèÿ âáëèçè
èçâåñòíûõ êîíòðàñòíûõ ãðàíèö è âäàëè îò íèõ, ÷òî ïîçâîëÿåò ê îìáèíèðîâàòü ýôôåêòèâ-
íûå àëãîðèòìû äëÿ îïòèìàëüíîãî ïîâûøåíèÿ ðàçðåøåíèÿ ñ ñîõð àíåíèåì ÷åòêèõ, ðåçêèõ
ãðàíèö òàì, ãäå ýòî íåîáõîäèìî, è ãëàäêèõ, íåïðåðûâíûõ ðåøå íèé â ïðî÷èõ ìåñòàõ. Äëÿ
ïîâûøåíèÿ ðàçðåøåíèÿ âáëèçè ãðàíèö èñïîëüçîâàí ìåòîä Øåïà ðäà èíòåðïîëÿöèè ïî íåðå-
ãóëÿðíîé ñåòêå, à â óäàëåíèè îò íèõ � ìåòîä áèêóáè÷åñêîé èíòå ðïîëÿöèè.

Êà÷åñòâî ïîâûøåíèÿ ðàçðåøåíèÿ èññëåäîâàíî íà êîñìè÷åñêèõ èçîáðàæåíèÿõ Landsat
ñ èñïîëüçîâàíèåì âåêòîðíîé èíôîðìàöèè â âèäå êàðòû âîäîåìî â. Äëÿ ñðàâíåíèÿ êà÷å-
ñòâà ïîâûøåíèÿ ðàçðåøåíèÿ èñïîëüçîâàíû êðèòåðèè ñðåäíåêâ àäðàòè÷íîãî îòêëîíåíèÿ
è ñðåäíåå çíà÷åíèå èíäåêñà ñòðóêòóðíîãî ñõîäñòâà, êîòîðûå ïîêàçàëè, ÷òî èñïîëüçîâà-
íèå âåêòîðíîé èíôîðìàöèè ïîçâîëÿåò óëó÷øèòü ðåçóëüòàò ïî ñ ðàâíåíèþ ñ áèêóáè÷åñêîé
èíòåðïîëÿöèåé. Ïðèâåäåííûå ðåçóëüòàòû ïîêàçûâàþò âîçìîæ íîñòü ïðèìåíåíèÿ ðàçðàáî-
òàííîãî ìåòîäà äëÿ ïîâûøåíèÿ ðàçðåøàþùåé ñïîñîáíîñòè àïïà ðàòóðû, óñòàíàâëèâàåìîé
íà êîñìè÷åñêèõ àïïàðàòàõ ÄÇÇ, â òîì ÷èñëå â èíôðàêðàñíîì è ìè êðîâîëíîâîì äèàïàçîíàõ
ñïåêòðà ýëåêòðîìàãíèòíûõ âîëí.

Ðàçðàáîòàííûé ìåòîä ìîæåò áûòü èñïîëüçîâàí äëÿ êîñìè÷åñêî ãî ìîíèòîðèíãà óðáà-
íèçèðîâàííûõ òåððèòîðèé, áåðåãîâûõ ëèíèé, ëåäîâîé îáñòàí îâêè, ïðèðîäíûõ ïîæàðîâ
è òåððèòîðèé, ïðîéäåííûõ îãíåì, ïðåäóïðåæäåíèÿ è îöåíêè ïî ñëåäñòâèé ÷ðåçâû÷àéíûõ
ñèòóàöèé, ñîçäàíèÿ è àêòóàëèçàöèè êàðòîãðàôè÷åñêîé ïðîäóêöèè, ðåøåíèÿ äðóãèõ çàäà÷
äèñòàíöèîííîãî çîíäèðîâàíèÿ, â òîì ÷èñëå ñ ïðèìåíåíèåì ìóë üòèñïåêòðàëüíûõ è ãèïåð-
ñïåêòðàëüíûõ äàííûõ, ñîäåðæàùèõ çíà÷èòåëüíîå êîëè÷åñòâî ñïåêòðàëüíîé èíôîðìàöèè,
îäíàêî çà÷àñòóþ èìåþùèõ íåäîñòàòî÷íîå ïðîñòðàíñòâåííîå ð àçðåøåíèå [28]. Â êà÷åñòâå
ðàçâèòèÿ äàííîãî ïîäõîäà ïðåäïîëàãàåòñÿ ïðèìåíåíèå äðóãè õ, áîëåå ñîâåðøåííûõ ìåòî-
äîâ èíòåðïîëÿöèè íà ðåãóëÿðíîé ñåòêå è âáëèçè ãðàíèö ñ ó÷åòî ì äîëè ïëîùàäè ïèêñåëÿ,
ïîïàäàþùåãî â âûäåëåííóþ îáëàñòü.
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Ñòàòüÿ ïîñâÿùåíà àêòóàëüíîé ïðîáëåìå àâòîìàòè÷åñêîãî âîñ ñòàíîâëåíèÿ ïðîïóùåí-
íûõ äàííûõ ïðè óëüòðàçâóêîâîì êîíòðîëå ðåëüñîâîãî ïóòè, íà ïðèìåð èç-çà ïëîõèõ ïîãîä-
íûõ óñëîâèé. Ïðåäëàãàåìûé ïîäõîä îñíîâûâàåòñÿ íà èçâëå÷åí èè ïðîïóùåííûõ äàííûõ
èç äåôåêòîãðàììû, ñîîòâåòñòâóþùåé ïðåäûäóùåìó ïðîõîäó ïî òîìó æå ó÷àñòêó ðåëü-
ñîâîãî ïóòè. Â äàííîé ðàáîòå àâòîðû óñîâåðøåíñòâóþò ïðåäëî æåííûé èìè ðàíåå ìåòîä,
äåëàÿ åãî áîëåå òî÷íûì è ñóùåñòâåííî áîëåå áûñòðûì. Ðàçðàáî òàííàÿ òðåõîêîííàÿ ìî-
äåëü áîëòîâîãî ñîåäèíåíèÿ ñîâìåñòíî ñ ïðîöåäóðîé ëîêàëüíî -ãëîáàëüíîãî âûðàâíèâàíèÿ
è ñïåöèàëüíîé ìåðîé íåñõîäñòâà ýëåìåíòîâ äåôåêòîãðàìì ïîç âîëÿþò äîñòàòî÷íî áûñò-
ðî îáíàðóæèòü ìåñòîïîëîæåíèå èñêîìîé îáëàñòè íà ïðåäûäóùå é äåôåêòîãðàììå ñ òî÷-
íîñòüþ îêîëî 3,5 ñì, ÷òî îáåñïå÷èâàåò âîçìîæíîñòü óñïåøíîã î âîññòàíîâëåíèÿ ïî íåé
ïðîïóùåííûõ äàííûõ.
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Background : The paper deals with the actual problem of automatic recovering missing data
on ultrasonic rail defectograms, occurring due to, for example, bad weather conditions.
Methods : The proposed approach is based on retrieving missing data for current ultrasonic
inspection from ultrasonic defectogram of previous inspection. It this work, the authors update
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Results : The experiments show that the proposed approach allows for�nding place of the
area of interest with accuracy about 3.5 cm. So, it possessesgood possibility to recover missing
data from the previous defectogram.
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1 Ââåäåíèå
Â ïðîöåññå ýêñïëóàòàöèè æåëåçíîäîðîæíîãî ïóòè â ðåëüñàõ ïî ä âîçäåéñòâèåì ïîäâèæ-

íîãî ñîñòàâà, ïðèðîäíûõ è äðóãèõ ôàêòîðîâ îáðàçóþòñÿ äåôåê òû è ïîâðåæäåíèÿ, óãðîæà-
þùèå áåçîïàñíîñòè äâèæåíèÿ ïîåçäîâ. Â ñâÿçè ñ ýòèì, âî èçáåæ àíèå ÷ðåçâû÷àéíûõ ñèòó-
àöèé, íåîáõîäèìî ñâîåâðåìåííîå âûÿâëåíèå è çàìåíà ðåëüñîâ , ñîäåðæàùèõ äåôåêòû [1, 2].

Áîëüøèíñòâî äåôåêòîâ ðàñïîëàãàþòñÿ âíóòðè ðåëüñà è îêàçûâ àþòñÿ íå âèäíû ïðè
îáû÷íîì îñìîòðå, â ñâÿçè ñ ÷åì äëÿ èõ âûÿâëåíèÿ â íàñòîÿùåå âð åìÿ â ðîññèéñêîé æåëåç-
íîäîðîæíîé îòðàñëè àêòèâíî èñïîëüçóþòñÿ óïðàâëÿåìûå îïåð àòîðàìè ñðåäñòâà óëüòðà-
çâóêîâîãî êîíòðîëÿ � ñúåìíûå äâóõíèòî÷íûå äåôåêòîñêîïû (ð èñ. 1), îñóùåñòâëÿþùèå
ðåãèñòðàöèþ ñèãíàëîâ óëüòðàçâóêîâîãî êîíòðîëÿ íà äåôåêòî ãðàììå [3�5].

Îäíàêî, õîòÿ ñóùåñòâóåò ñïåöèàëüíîå ïðîãðàììíîå îáåñïå÷å íèå äëÿ ñáîðà, ïðîñìîòðà
è èíòåðïðåòàöèè óëüòðàçâóêîâûõ äåôåêòîãðàìì [6, 7], åæåãîäíî âñå-òàêè ñëó÷àåòñÿ îêî-
ëî 40�60 èçëîìîâ ðåëüñîâ [8], ïðè÷åì êàæäûé èç òàêèõ èçëîìîâ ìîæåò èìåòü ÷ðåçâû÷àéíî
ñåðüåçíûå ïîñëåäñòâèÿ.

Îäíîé èç îñíîâíûõ ïðè÷èí íåîáíàðóæåíèÿ äåôåêòîâ ÿâëÿþòñÿ ò àê íàçûâàåìûå íåïðî-
êîíòðîëèðîâàííûå îáëàñòè � ó÷àñòêè ðåëüñîâîãî ïóòè, íà êîò îðûõ óëüòðàçâóêîâîé ñèãíàë
íå áûë çàðåãèñòðèðîâàí [9]. Òàêèå îáëàñòè ìîãóò ïîÿâëÿòüñÿ, íàïðèìåð, èç-çà ñïåöèôè-
÷åñêîãî ïîâðåæäåíèÿ ïîâåðõíîñòè ðåëüñîâ èëè íåðîâíîãî èõ ñ îåäèíåíèÿ [9, 10], âûñîêîé
ñêîðîñòè äâèæåíèÿ äåôåêòîñêîïà è(èëè) âðåìåííîãî ïëîõîãî àêóñòè÷åñêîãî êîíòàêòà ïðè-
åìíèêà óëüòðàçâóêîâîãî ñèãíàëà ñ ïîâåðõíîñòüþ èññëåäóåìî ãî ó÷àñòêà ðåëüñîâîãî ïóòè.

Ïðè ýòîì íàèáîëåå ÷àñòîé ïðè÷èíîé ïîÿâëåíèÿ íåïðîêîíòðîëè ðîâàííûõ ó÷àñòêîâ ÿâ-
ëÿþòñÿ íåáëàãîïðèÿòíûå ïîãîäíûå óñëîâèÿ [9, 10], î ÷åì, â ÷à ñòíîñòè, ãîâîðèò ñóùåñòâåí-
íîå óâåëè÷åíèå êîëè÷åñòâà òàêèõ ó÷àñòêîâ â õîëîäíûå ìåñÿöû ãîäà [4]. Áîëåå òîãî, ñòàòè-
ñòèêà ïîêàçûâàåò, ÷òî ëèøü îêîëî 15%íåïðîêîíòðîëèðîâàííûõ ó÷àñòêîâ òàêæå ÿâëÿþòñÿ
íåïðîêîíòðîëèðîâàííûìè è íà ïðåäûäóùèõ ïðîõîäàõ äåôåêòîñ êîïîì ïî òîìó æå ó÷àñòêó

Ðèñ. 1 Ñîâðåìåííûé ñúåìíûé äâóõíèòî÷íûé äåôåêòîñêîï ÀÂÈÊÎÍ-14
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ðåëüñîâîãî ïóòè [4], ÷òî, ñ ó÷åòîì äîñòàòî÷íî ÷àñòîãî êîíòð îëÿ, îñóùåñòâëÿåìîãî 2�4 ðà-
çà â ìåñÿö [11], äàåò âîçìîæíîñòü âîññòàíîâëåíèÿ ïðîïóùåíí ûõ äàííûõ íà îñíîâå àíàëèçà
äåôåêòîãðàììû, çàðåãèñòðèðîâàííîé âî âðåìÿ ïðåäûäóùåãî ï ðîõîäà ïî òîìó æå ó÷àñòêó.

Îäíàêî â áîëüøèíñòâå ðàáîò ïðîáëåìà íàëè÷èÿ íåïðîêîíòðîëè ðîâàííûõ ó÷àñòêîâ äà-
æå íå ïîäíèìàåòñÿ [1, 3, 6, 7, 12, 13]. Íà ïðàêòèêå æå â íàñòîÿù åå âðåìÿ äàííàÿ ïðîáëåìà
îáû÷íî ðåøàåòñÿ ïóòåì ïîâòîðíîãî èññëåäîâàíèÿ îïåðàòîðîì íåïðîêîíòðîëèðîâàííîãî
ó÷àñòêà [2], ÷òî, åñòåñòâåííî, ïðèâîäèò ê äîïîëíèòåëüíûì â ðåìåíí �ûì è ìàòåðèàëüíûì
çàòðàòàì. Èíîãäà îñóùåñòâëÿåòñÿ ðó÷íîé ïîèñê ñîîòâåòñòâó þùåãî ó÷àñòêà íà äåôåêòî-
ãðàììå ïðåäûäóùåãî ïðîõîäà [14], îäíàêî î÷åâèäíî, ÷òî ãîðà çäî áîëåå ïðåäïî÷òèòåëüíûì
áûëî áû ïðèâëå÷åíèå ñðåäñòâ àâòîìàòèçàöèè [15].

Âîîáùå ãîâîðÿ, èçáåæàòü íåïðîêîíòðîëèðîâàííûõ îáëàñòåé ï îçâîëÿåò ïðèìåíåíèå
ìàãíèòîäèíàìè÷åñêèõ (ÌÄ) ìåòîäîâ [16]. Îäíàêî ÌÄ�óñòðîéñ òâà èìåþò ñâîè ñïåöèôè÷å-
ñêèå îñîáåííîñòè ïî ñðàâíåíèþ ñ óëüòðàçâóêîâûìè: âîçìîæíî ñòü îáíàðóæåíèÿ äåôåêòîâ
òîëüêî â âåðõíåé ÷àñòè ãîëîâêè ðåëüñîâ; çíà÷èòåëüíûå ãàáàðèòû è ìàññó íàìàãíè÷èâà-
þùåé ñèñòåìû è, â ñâÿçè ñ ýòèì, âîçìîæíîñòü ðåàëèçàöèè ìåòîä à â îñíîâíîì íà àâòîìîò-
ðèñàõ è âàãîíàõ-äåôåêòîñêîïàõ. Â [17] ïðåäëîæåíà òåõíîëîã èÿ ñîâìåñòíîãî èñïîëüçîâàíèÿ
äàííûõ ìàãíèòîäèíàìè÷åñêèõ è óëüòðàçâóêîâûõ ìåòîäîâ äëÿ ô îðìèðîâàíèÿ äèàãíîñòè-
÷åñêîé êàðòû ðåëüñîâîãî ïóòè. Öåëüþ æå äàííîé ðàáîòû ÿâëÿåò ñÿ ðåøåíèå ïðîáëåìû
íàëè÷èÿ íåïðîêîíòðîëèðîâàííûõ îáëàñòåé, îñòàâàÿñü â ðàìê àõ èñêëþ÷èòåëüíî óëüòðà-
çâóêîâîãî êîíòðîëÿ, áåç ïðèâëå÷åíèÿ äîïîëíèòåëüíûõ òåõíè ÷åñêèõ ñðåäñòâ.

Õîòÿ èçâåñòíî ìíîæåñòâî ìåòîäîâ âîññòàíîâëåíèÿ ïðîïóùåíí ûõ äàííûõ âî âðåìåíí �ûõ
ðÿäàõ [18�20], îäíàêî ñëåäóåò îòìåòèòü, ÷òî îáû÷íî â òàêèõ ç àäà÷àõ òðåáóåòñÿ âîññòàíî-
âèòü ïðîïóùåííûå äàííûå íà îñíîâå àíàëèçà îñòàëüíîé ÷àñòè ò îãî æå ñèãíàëà, â ðåçóëü-
òàòå ÷åãî ñîîòâåòñòâóþùèå ìåòîäû îñíîâàíû íà èíòåðïîëÿöèè ïðîïóùåííûõ äàííûõ òåì
èëè èíûì ñïîñîáîì.

Îñîáåííîñòü æå çàäà÷è âîññòàíîâëåíèÿ ïðîïóùåííûõ äàííûõ í à óëüòðàçâóêîâîé äå-
ôåêòîãðàììå çàêëþ÷àåòñÿ â âîçìîæíîñòè ïðèâëå÷åíèÿ äîïîëí èòåëüíîé èíôîðìàöèè
ñ äðóãîé äåôåêòîãðàììû, ÷òî äåëàåò íåöåëåñîîáðàçíûì ïðèìå íåíèå òðàäèöèîííûõ ìå-
òîäîâ.

Ôàêòè÷åñêè â äàííîì ñëó÷àå çàäà÷à âîññòàíîâëåíèÿ ïðîïóùåí íûõ äàííûõ ñâîäèòñÿ
ê çàäà÷å ïîèñêà ñîîòâåòñòâóùåé îáëàñòè íà äåôåêòîãðàììå ñ äðóãîãî ïðîõîäà. Ïðè ýòîì
ñëåäóåò îáðàòèòü âíèìàíèå, ÷òî, íåñìîòðÿ íà òî ÷òî ïðè ðåãèñ òðàöèè óëüòðàçâóêîâîãî
ñèãíàëà ôèêñèðóþòñÿ êîîðäèíàòû äåôåêòîñêîïà, äàííàÿ çàäà ÷à íå ÿâëÿåòñÿ òðèâèàëü-
íîé, ïîñêîëüêó ðåãèñòðèðóåìûå êîîðäèíàòû ÿâëÿþòñÿ âåñüìà ïðèáëèçèòåëüíûìè è ïðè
ðàçíûõ ïðîõîäàõ äëÿ îäíîãî è òîãî æå îáúåêòà ìîãóò îòëè÷àòüñ ÿ íà íåñêîëüêî ìåòðîâ
(÷òî ñîîòâåòñòâóåò áîëåå ÷åì òûñÿ÷å îòñ÷åòîâ äåôåêòîãðàìì û). Áîëåå òîãî, âàæíàÿ îñî-
áåííîñòü äàííîé çàäà÷è, îòëè÷àþùàÿ åå îò çàäà÷ ïîèñêà íåêîò îðîé îáëàñòè â ñèãíàëå,
çàêëþ÷àåòñÿ â òîì, ÷òî ñàìà èñêîìàÿ îáëàñòü íå èçâåñòíà.

Ñëåäóåò îòìåòèòü, ÷òî, íåñìîòðÿ íà ãëîáàëüíóþ òåíäåíöèþ ê ï åðåõîäó íà áåññòûêî-
âûå ðåëüñîâûå ïóòè, â íàñòîÿùåå âðåìÿ âñå åùå îñòàåòñÿ äîñòàòî÷íî áîëüøîå êîëè÷åñòâî
áîëòîâûõ ñîåäèíåíèé. Áîëåå òîãî, ïðîâåäåííûé àíàëèç ïîêàç ûâàåò, ÷òî èìåííî â çîíàõ
áîëòîâûõ ñîåäèíåíèé íàèáîëåå ÷àñòî âîçíèêàþò âåñüìà îïàñí ûå èçëîìû, ïîÿâëåíèå êîòî-
ðûõ ñâÿçûâàåòñÿ ñ íàëè÷èåì íåïðîêîíòðîëèðîâàííûõ îáëàñòå é [9].

Â ñâÿçè ñ ýòèì â ðàìêàõ äàííîé ðàáîòû, âñëåä çà [21], ïðåäëàãàåòñÿ ðåøàòü çàäà÷ó
âîññòàíîâëåíèÿ ïðîïóùåííûõ äàííûõ íà äåôåêòîãðàììå íà îñí îâå âûäåëåíèÿ õàðàêòåð-
íûõ ýëåìåíòîâ, êîòîðûìè ìîãóò ñëóæèòü çîíû áîëòîâûõ ñîåäèí åíèé ðåëüñîâîãî ïóòè, ò. å.
ïðîèçâîäèòü ÷àñòè÷íóþ ðàçìåòêó äåôåêòîãðàììû.
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Âîîáùå ãîâîðÿ, èçâåñòíî ìíîæåñòâî ðàçëè÷íûõ ìåòîäîâ ðàçìå òêè (ñåãìåíòàöèè) ðå-
÷åâûõ [22], áèîìåäèöèíñêèõ [23] è äðóãèõ ñèãíàëîâ [24�26], îäíàêî ìíîãèå èç íèõ èìåþò
î÷åíü âûñîêóþ âû÷èñëèòåëüíóþ ñëîæíîñòü [23, 27]. Â ðàáîòàõ [14, 21] ïðåäëîæåí ñïîñîá
îñóùåñòâëåíèÿ ðàçìåòêè ñèãíàëîâ, îðèåíòèðîâàííûé èìåííî íà çàäà÷ó âûäåëåíèÿ çîí
áîëòîâûõ ñîåäèíåíèé íà óëüòðàçâóêîâûõ äåôåêòîãðàììàõ, çà ñ÷åò ÷åãî îí ÿâëÿåòñÿ ñó-
ùåñòâåííî áîëåå ïðîñòûì ïî ñðàâíåíèþ ñ ìåòîäàìè ðàçìåòêè îá ùåãî âèäà. Òåì íå ìå-
íåå íà ïðàêòèêå îêàçûâàåòñÿ, ÷òî è îí èìååò íèçêóþ âû÷èñëèòå ëüíóþ ýôôåêòèâíîñòü,
ïîñêîëüêó òðåáóåò ïðîõîæäåíèÿ ñêîëüçÿùèì îêíîì ïî äåôåêòî ãðàììå è îñóùåñòâëåíèÿ
ïàðíîãî âûðàâíèâàíèÿ êàæäîãî ôðàãìåíòà, âûðåçàííîãî îêíî ì, ñ íåêîòîðûì ýòàëîííûì
ôðàãìåíòîì, ñîîòâåòñòâóþùèì òèïîâîìó áîëòîâîìó ñîåäèíåí èþ. Äàííîå îáñòîÿòåëüñòâî
äåëàåò íåâîçìîæíûì ïðàêòè÷åñêîå ïðèìåíåíèå äàííîãî ïîäõî äà â ðåàëüíûõ óñëîâèÿõ.

Â ñâÿçè ñ ýòèì â äàííîé ðàáîòå ïðåäëàãàåòñÿ íîâûé ïîäõîä, ðàç âèâàþùèé ïðåäëî-
æåííûé àâòîðàìè ðàíåå [21]. Ïðåäëàãàåìûé ïîäõîä òîæå îñíîâ àí íà ïðîõîæäåíèè ñêîëü-
çÿùèì îêíîì ïî äåôåêòîãðàììå äëÿ ïîèñêà îïîðíûõ çîí áîëòîâû õ ñîåäèíåíèé, îäíàêî
òðåáóåò ëèøü îäíîêðàòíîãî âûðàâíèâàíèÿ ôðàãìåíòîâ äåôåêò îãðàìì äëÿ êàæäîãî áîë-
òîâîãî ñîåäèíåíèÿ çà ñ÷åò äâóõ îñíîâíûõ íîâîââåäåíèé: âî-ï åðâûõ, ïðèìåíåíèÿ ñïåöèàëü-
íîé òðåõîêîííîé ìîäåëè äëÿ áûñòðîé ïðèìåðíîé ëîêàëèçàöèè ç îíû áîëòîâîãî ñîåäèíåíèÿ
è, âî-âòîðûõ, ïðèìåíåíèÿ ñïåöèàëüíîé ïðîöåäóðû ïàðíîãî âû ðàâíèâàíèÿ ôðàãìåíòîâ äå-
ôåêòîãðàìì äëÿ óòî÷íåíèÿ åå ïîëîæåíèÿ.

2 Ðåãèñòðàöèÿ óëüòðàçâóêîâîé äåôåêòîãðàììû â âèäå ìíîãîêî ì-
ïîíåíòíîãî äèñêðåòíîãî ñèãíàëà

Íàèáîëåå ïåðñïåêòèâíûì ñïîñîáîì ïðåäñòàâëåíèÿ ñèãíàëîâ, ðåãèñòðèðóåìûõ ìíîãîêà-
íàëüíûì äåôåêòîñêîïîì, ÿâëÿåòñÿ òàê íàçûâàåìàÿ B-ðàçâåðòêà � ïðåäñòàâëåíèå ñèãíàëà
â êîîðäèíàòíîé ïëîñêîñòè ¾âðåìÿ ðàñïðîñòðàíåíèÿ óëüòðàçâ óêîâûõ êîëåáàíèé â ðåëüñå �
êîîðäèíàòà êîíòðîëèðóåìîé íèòè ïóòè¿ [4]. Îäíàêî, êàê áûëî îòìå÷åíî âûøå, êîîðäèíàòû
ÿâëÿþòñÿ óñëîâíûìè è ëèøü ïðèáëèæåííî îòðàæàþò ìåñòîïîëîæ åíèå îáúåêòîâ.

Ïðè óëüòðàçâóêîâîé äåôåêòîñêîïèè ðåëüñîâîãî ïóòè, êàê ïðà âèëî, èñïîëüçóþòñÿ
íåñêîëüêî êàíàëîâ � óëüòðàçâóêîâûõ èçëó÷àòåëåé/ïðèåìíèê îâ, ïîñûëàþùèõ çîíäèðó-
þùèå èìïóëüñû çàäàííîé àìïëèòóäû ïîä íåêîòîðûì óãëîì ê ïîâå ðõíîñòè êàòàíèÿ ðåëüñà
(ðàçëè÷íûå êàíàëû îòëè÷àþòñÿ äðóã îò äðóãà óãëîì èçëó÷åíèÿ /ïðèåìà ñèãíàëà). Ðåãè-
ñòðàöèÿ ñèãíàëà ïðèåìíèêîì ïðîèñõîäèò ëèøü â òîì ñëó÷àå, åñ ëè â òå÷åíèå íåêîòîðîãî
âðåìåíè îò ìîìåíòà èçëó÷åíèÿ íà ïðèåìíèê ïîñòóïàåò îòðàæåí íûé ñèãíàë, îáëàäàþùèé
äîñòàòî÷íî áîëüøîé àìïëèòóäîé.

×àùå âñåãî ïðè õîðîøåì àêóñòè÷åñêîì êîíòàêòå óëüòðàçâóêîâ îãî èçëó÷àòåëÿ è ïðèåì-
íèêà, à òàêæå íàëè÷èè îòðàæàþùåé ïîâåðõíîñòè, ðàñïîëîæåíí îé ïîä óãëîì 90� ê íà-
ïðàâëåíèþ ðàñïðîñòðàíåíèÿ óëüòðàçâóêà, ïðîèñõîäèò îäíîê ðàòíîå îòðàæåíèå ñèãíàëà,
è äåôåêòîñêîï ðåãèñòðèðóåò îäíîêðàòíî îòðàæåííûå îò ïëîñê îñòè òðåùèíû èìïóëüñû.
Îäíàêî, êîãäà äåôåêò èëè êàêîé-ëèáî êîíñòðóêòèâíûé îòðàæà òåëü íàõîäèòñÿ áëèçêî
ê ïîâåðõíîñòè ðåëüñà, óëüòðàçâóêîâîé ñèãíàë íå óñïåâàåò çàòóõíóòü, è ìîãóò íàáëþäàòü-
ñÿ ñëó÷àè ìíîæåñòâåííûõ ïåðåîòðàæåíèé, â ðåçóëüòàòå êîòîð ûõ áóäåò çàðåãèñòðèðîâàíî
íåñêîëüêî ãðóïï (ïà÷åê) èìïóëüñîâ, ïðèíÿòûõ ñ ðàçíîé çàäåð æêîé îòíîñèòåëüíî ìîìåíòà
èçëó÷åíèÿ. Â ñëó÷àå îòñóòñòâèÿ îòðàæåíèÿ ââèäó ïëîõîãî àêóñòè÷åñêîãî êîíòàêòà èëè îò-
ðàæåíèÿ îò äåôåêòà, íàïðàâëåííîãî ê èçëó÷àòåëþ ïîä óãëîì, ç íà÷èòåëüíî îòëè÷àþùèìñÿ
îò 90� , èìïóëüñ íå áóäåò çàðåãèñòðèðîâàí âîâñå [15].

Ïðè íàëè÷èè äåôåêòîâ èëè êàêèõ-ëèáî êîíñòðóêòèâíûõ îòðàæà òåëåé (íàïðèìåð, áîë-
òîâ ïðè áîëòîâîì ñîåäèíåíèè ðåëüñîâ) íà äåôåêòîãðàììå ïîÿâ ëÿþòñÿ ëèíèè ðàçíîé ôîð-
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Ðèñ. 2 Ïðèìåð ôðàãìåíòà óëüòðàçâóêîâîé äåôåêòîãðàììû ðåëüñîâîã î ïóòè, ñîäåðæàùåãî çîíó
áîëòîâîãî ñîåäèíåíèÿ

ìû, îðèåíòàöèè è ïðîäîëæèòåëüíîñòè â çàâèñèìîñòè îò âèäà îá úåêòà, îêàçàâøåãîñÿ íà
ïóòè ðàñïðîñòðàíåíèÿ óëüòðàçâóêîâîãî ñèãíàëà (ðèñ. 56).

Ñîãëàñíî äàííîìó ñïîñîáó ïðåäñòàâëåíèÿ êàæäûé ýëåìåíò äåô åêòîãðàììû ïî îòäåëü-
íîìó êàíàëó ïðåäñòàâëÿåò ñîáîé èìïóëüñíûé ñèãíàë â ïðîñòðà íñòâå ¾çàäåðæêà¿�¾àìïëè-
òóäà¿ è ìîæåò ñîäåðæàòü íåêîòîðîå êîëè÷åñòâî n = 0; 1; 2; : : : èìïóëüñîâ, õàðàêòåðèçó-
þùèõñÿ ñâîåé çàäåðæêîé � i è àìïëèòóäîé ai ; i = 1; : : : ; n.

Äëÿ óäîáñòâà äàëüíåéøèõ ðàññóæäåíèé ýëåìåíò äåôåêòîãðàìì û, íå ñîäåðæàùèé èì-
ïóëüñîâ, áóäåì ðàññìàòðèâàòü êàê ñèãíàë, ñîñòîÿùèé èç îäíî ãî ýëåìåíòà n = 1 ñ íóëåâîé
çàäåðæêîé � 1 = 0 è íóëåâîé àìïëèòóäîé a1 = 0. Ñ ó÷åòîì ýòîãî êàæäûé ýëåìåíò äåôåê-
òîãðàììû îêàçûâàåòñÿ ïðåäñòàâëåí äâóõêîìïîíåíòíûì ñèãíà ëîì äëèíû n, ñîñòàâëåííûì
èç ïàð x = f (� i ; ai ); i = 1; : : : ; ng.

Äëÿ îáúåäèíåíèÿ èíôîðìàöèè, ïîëó÷àåìîé ïî ðàçíûì óëüòðàçâ óêîâûì êàíàëàì â äàí-
íîé ðàáîòå, òàê æå êàê è â [21], êàæäûé ýëåìåíò äåôåêòîãðàììû ðàññìàòðèâàåòñÿ êàê
m-ìåðíûé âåêòîð

x = [ x1; : : : ; xm ]T ; xk = f (� i ; ai ) 2 R2; i = 1; : : : ; ng ; k = 1; : : : ; m; (1)

à äåôåêòîãðàììà, ñîîòâåòñòâåííî, êàê m-êîìïîíåíòíûé äèñêðåòíûé ñèãíàë X =
= ( x 1; : : : ; x NX ) íåêîòîðîé äëèíû NX .

3 Çàäà÷à âîññòàíîâëåíèÿ ïðîïóùåííûõ äàííûõ íà äåôåêòîãðàì ìå

3.1 Ïîñòàíîâêà çàäà÷è

Êàê áûëî ñêàçàíî âûøå, ïîä ïðîïóùåííûìè äàííûìè â ðàññìàòðè âàåìîì ñëó÷àå ïîíè-
ìàåòñÿ îòñóòñòâèå íà çàðåãèñòðèðîâàííîé äåôåêòîãðàììå ñè ãíàëà íà íåêîòîðîì ó÷àñòêå
ïóòè, ïðè÷èíîé ÷åãî ìîãóò áûòü, íàïðèìåð, íåáëàãîïðèÿòíûå ïîãîäíûå óñëîâèÿ.

Â ðàìêàõ äàííîé ðàáîòû çàäà÷à âîññòàíîâëåíèÿ ïðîïóùåííûõ ä àííûõ íà äåôåêòî-
ãðàììå ôîðìóëèðóåòñÿ êàê çàäà÷à ïîèñêà ïðîïóùåííîé îáëàñò è íà äåôåêòîãðàììå, ñîîò-
âåòñòâóþùåé ïðåäûäóùåìó ïðîõîäó ïî òîìó æå ó÷àñòêó ðåëüñîâ îãî ïóòè.

3.2 Îñíîâíîé ïðèíöèï âîññòàíîâëåíèÿ ïðîïóùåííûõ äàííûõ

Ïîñêîëüêó íà èñêîìîì ó÷àñòêå äåôåêòîãðàììû âèä ñèãíàëà íåè çâåñòåí, òî äëÿ åãî
ïîèñêà â äàííîé ðàáîòå èñïîëüçóåòñÿ ïðèíöèï, ïðåäëîæåííûé â [21], îñíîâûâàþùèéñÿ
íà ïîèñêå íà äåôåêòîãðàììàõ îïîðíûõ îáëàñòåé, â êà÷åñòâå êî òîðûõ èñïîëüçóþòñÿ çîíû
áîëòîâûõ ñîåäèíåíèé.
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Ðèñ. 3 Ãðàôè÷åñêàÿ èëëþñòðàöèÿ ïðèíöèïà âîññòàíîâëåíèÿ ïðîïóùå ííûõ äàííûõ

Ñîãëàñíî äàííîìó ïðèíöèïó, ïðîèëëþñòðèðîâàííîìó íà ðèñ. 5 7, ïîèñê èñêîìîé îáëà-
ñòè íà äåôåêòîãðàììå ïðåäûäóùåãî ïðîõîäà îñóùåñòâëÿåòñÿ â íåñêîëüêî ýòàïîâ:
1. Ïîèñê ôðàãìåíòà äåôåêòîãðàììû, ñîîòâåòñòâóþùåãî áëèæà éøåé çîíå áîëòîâîãî ñî-

åäèíåíèÿ, ñëåâà îò èñêîìîãî ôðàãìåíòà.
2. Ïîèñê ôðàãìåíòà äåôåêòîãðàììû, ñîîòâåòñòâóþùåãî áëèæà éøåé çîíå áîëòîâîãî ñî-

åäèíåíèÿ, ñïðàâà îò èñêîìîãî ôðàãìåíòà.
3. Ïîèñê êîíêðåòíûõ, íàéäåííûõ íà ïåðâûõ äâóõ ýòàïàõ ¾ëåâîé ¿ è ¾ïðàâîé¿ çîí áîëòî-

âîãî ñîåäèíåíèÿ íà äåôåêòîãðàììå, ñîîòâåòñòâóþùåé ïðåäûä óùåìó ïðîõîäó.
4. Óòî÷íåíèå êîîðäèíàò èñêîìîãî ôðàãìåíòà íà äåôåêòîãðàìì å ïðåäûäóùåãî ïðîõîäà.

Ñëåäóåò îòìåòèòü, ÷òî, õîòÿ â îñíîâó èñïîëüçóåìîãî â äàííîé ðàáîòå ïîäõîäà ïîëî-
æåí ïðèíöèï, ïðåäëîæåííûé â ðàáîòå [21], ðåàëèçàöèÿ êàæäîã î êîíêðåòíîãî ýòàïà â íåì
ñóùåñòâåííî îòëè÷àåòñÿ îò ðåàëèçàöèé, ïðèìåíÿåìûõ â [21], à îáùàÿ ýôôåêòèâíîñòü îêà-
çûâàåòñÿ ñóùåñòâåííî áîëåå âûñîêîé.

3.3 Ïîèñê îïîðíûõ çîí íà äåôåêòîãðàììå òåêóùåãî ïðîõîäà

Ïîèñê ¾ëåâîé¿ è ¾ïðàâîé¿ çîí áîëòîâîãî ñîåäèíåíèÿ ïðåäëàãà åòñÿ îñóùåñòâëÿòü â äâà
ýòàïà:
1. Áûñòðàÿ ïðèìåðíàÿ ëîêàëèçàöèÿ çîíû áîëòîâîãî ñîåäèíåíè ÿ íà îñíîâå îïèñàííîé íè-

æå ñïåöèàëüíî ðàçðàáîòàííîé òðåõîêîííîé ìîäåëè.
2. Óòî÷íåíèå êîîðäèíàò èñêîìîé çîíû áîëòîâîãî ñîåäèíåíèÿ í à îñíîâå óñòàíîâëåíèÿ

îïòèìàëüíûõ ïàðíûõ ñîîòâåòñòâèé ìåæäó ýëåìåíòàìè ôðàãìåí òà äåôåêòîãðàììû,
íàéäåííîãî íà ïåðâîì ýòàïå, ñ ôðàãìåíòîì äåôåêòîãðàììû, ñî îòâåòñòâóþùèì òèïîâîé
çîíå áîëòîâîãî ñîåäèíåíèÿ. Ïðè ýòîì â êà÷åñòâå êðèòåðèÿ ïîè ñêà îïòèìàëüíûõ ïàðíûõ
ñîîòâåòñòâèé ïðåäëàãàåòñÿ èñïîëüçîâàòü ñïåöèàëüíûé êðèòåðèé ëîêàëüíî-ãëîáàëüíîãî
âûðàâíèâàíèÿ.
Ðåçóëüòàòîì äàííîãî ýòàïà ÿâëÿþòñÿ ôðàãìåíòû äåôåêòîãðàì ì, ñîîòâåòñòâóþùèå ¾ëå-
âîé¿ è ¾ïðàâîé¿ îïîðíûì çîíàì áîëòîâîãî ñîåäèíåíèÿ íà äåôåê òîãðàììå òåêóùåãî
ïðîõîäà, êîîðäèíàòû ñîîòâåòñòâóþùèõ ðåëüñîâûõ ñòûêîâ, à ò àêæå ôðàãìåíò äåôåêòî-
ãðàììû òåêóùåãî ïðîõîäà, îãðàíè÷åííûé íàéäåííûìè çîíàìè á îëòîâûõ ñîåäèíåíèé.

3.4 Ïîèñê îïîðíûõ çîí íà äåôåêòîãðàììå ïðåäûäóùåãî ïðîõîäà

Ïîèñê îïîðíûõ çîí íà ïðåäûäóùåì ïðîõîäå ïðåäëàãàåòñÿ îñóùå ñòâëÿòü àíàëîãè÷íî
ïîèñêó îïîðíûõ çîí íà òåêóùåì ïðîõîäå, îäíàêî ó÷èòûâàÿ, ÷òî â äàííîì ñëó÷àå òðåáóåòñÿ
íàéòè êîíêðåòíûå çîíû áîëòîâûõ ñîåäèíåíèé.
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Â ñâÿçè ñ ýòèì íà âòîðîì ýòàïå îñóùåñòâëÿåòñÿ ëîêàëüíî-ãëîá àëüíîå âûðàâíèâàíèå
íå ñ ôðàãìåíòîì äåôåêòîãðàììû, ñîîòâåòñòâóþùèì òèïîâîé çî íå áîëòîâîãî ñîåäèíåíèÿ,
à ñ êîíêðåòíûìè ôðàãìåíòàìè, ñîîòâåòñòâóþùèìè îïîðíûì ¾ëå âîé¿ è ¾ïðàâîé¿ çîíàì
áîëòîâûõ ñîåäèíåíèé. Ïðè ýòîì çîíà áîëòîâîãî ñîåäèíåíèÿ ñ÷ èòàåòñÿ íàéäåííîé, åñëè
âû÷èñëåííîå çíà÷åíèå êðèòåðèÿ îïòèìàëüíîñòè ïàðíîãî âûðà âíèâàíèÿ ôðàãìåíòîâ îêà-
æåòñÿ âûøå çàäàííîãî ïîðîãà.

Êðîìå òîãî, ñëåäóåò îáðàòèòü âíèìàíèå, ÷òî ïðîöåäóðó ëîêàë èçàöèè çîíû áîëòîâîãî
ñîåäèíåíèÿ â äàííîì ñëó÷àå äîñòàòî÷íî ïðèìåíÿòü íå äëÿ âñåé äåôåêòîãðàììû ïðåäûäó-
ùåãî ïðîõîäà, à ëèøü äëÿ íåêîòîðîé îêðåñòíîñòè êîîðäèíàò ¾ë åâîãî¿ è ¾ïðàâîãî¿ ðåëü-
ñîâûõ ñòûêîâ, îïðåäåëåííûõ íà ïðåäûäóùåì ýòàïå.

3.5 Óòî÷íåíèå êîîðäèíàò èñêîìîãî ôðàãìåíòà íà äåôåêòîãðàì ìå ïðåäûäóùåãî
ïðîõîäà

Óòî÷íåíèå ïîëîæåíèÿ èñêîìîãî ôðàãìåíòà ïðåäëàãàåòñÿ îñóù åñòâëÿòü íà îñíîâå ïðåä-
ïîëîæåíèÿ î òîì, ÷òî íà ïðîòÿæåíèè ó÷àñòêà äåôåêòîãðàììû ìå æäó íàéäåííûìè ¾ëåâîé¿
è ¾ïðàâîé¿ çîíàìè áîëòîâûõ ñîåäèíåíèé ñêîðîñòü äâèæåíèÿ äå ôåêòîñêîïà ñèëüíî íå èç-
ìåíÿëàñü. Â ýòîì ñëó÷àå ïîëîæåíèå èñêîìîé îáëàñòè, ñîäåðæà ùåé ïðîïóñê, ìîæåò áûòü
îïðåäåëåíî íà îñíîâå ïðèìåíåíèÿ ïîäòâåðäèâøåãîñÿ íà ïðàêò èêå ïðèíöèïà ïðîïîðöèî-
íàëüíîñòè.

Â ñîîòâåòñòâèè ñ äàííûì ïðèíöèïîì êîîðäèíàòà íà÷àëà tstart è êîíöà tend èñêîìîé
îáëàñòè îòíîñèòåëüíî íà÷àëà âûðåçàííîãî ôðàãìåíòà òåêóùå é äåôåêòîãðàììû, îãðàíè-
÷åííîãî îïîðíûìè áîëòîâûìè ñîåäèíåíèÿìè (ðèñ. 58), îïðåäå ëÿåòñÿ ñëåäóþùèì îáðàçîì:

tstart = lcur = lprev
L cur

Lprev
; tend = lcur + � l :

Ðèñ. 4 Èëëþñòðàöèÿ ïðèíöèïà ïðîïîðöèîíàëüíîñòè

4 Òðåõîêîííàÿ ìîäåëü äëÿ áûñòðîé ïðèìåðíîé ëîêàëèçàöèè çîí û
áîëòîâîãî ñîåäèíåíèÿ

Äëÿ ïðèìåðíîé ëîêàëèçàöèè çîíû áîëòîâîãî ñîåäèíåíèÿ â äàíí îé ðàáîòå ïðåäëàãàåò-
ñÿ ïîäõîä, îñíîâàííûé íà ïðîõîæäåíèè ñêîëüçÿùèì îêíîì íåêî òîðîé øèðèíû W âäîëü
äåôåêòîãðàììû ñ øàãîì � W, ñ ïðèìåíåíèåì ñïåöèàëüíî ðàçðàáîòàííîé òðåõîêîííîé ìî-
äåëè äëÿ áûñòðîãî îïðåäåëåíèÿ ñðåäè ôðàãìåíòîâ äåôåêòîãðà ììû, âûðåçàííûõ ñêîëüçÿ-
ùèì îêíîì, ôðàãìåíòà, ñîäåðæàùåãî çîíó áîëòîâîãî ñîåäèíåí èÿ.
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Ðèñ. 5 Òðåõîêîííàÿ ìîäåëü äëÿ áûñòðîé ïðèìåðíîé ëîêàëèçàöèè çîíû áîëòîâîãî ñîåäèíåíèÿ

Îñíîâíàÿ èäåÿ èñïîëüçîâàíèÿ òðåõîêîííîé ìîäåëè çàêëþ÷àåò ñÿ â òîì, ÷òîáû â äîïîë-
íåíèå ê îñíîâíîìó îêíó W èñïîëüçîâàòü äâà äîïîëíèòåëüíûõ îêíà íåáîëüøîãî ðàçìåðà,
ðàñïîëîæåííûõ ïî êðàÿì îñíîâíîãî îêíà: ëåâîå wl è ïðàâîå wr (ðèñ. 59), à òàêæå â ïðè-
íÿòèè ðåøåíèè î íàëè÷èè çîíû áîëòîâîãî ñîåäèíåíèÿ â îêíå W íà îñíîâå èíôîðìàöèè
î êîëè÷åñòâå çàðåãèñòðèðîâàííûõ èìïóëüñîâ.

Ïðåäëàãàåòñÿ ñ÷èòàòü, ÷òî îêíî W ñîäåðæèò çîíó áîëòîâîãî ñîåäèíåíèÿ òîëüêî â òîì
ñëó÷àå, åñëè îäíîâðåìåííî âûïîëíÿþòñÿ òðè óñëîâèÿ:

(1) êîëè÷åñòâî èìïóëüñîâ, çàðåãèñòðèðîâàííûõ â îñíîâíîì î êíå, áîëüøå çàäàííîãî äëÿ
íåãî ïîðîãîâîãî çíà÷åíèÿ: NW > H W ;

(2) êîëè÷åñòâî èìïóëüñîâ, çàðåãèñòðèðîâàííûõ â ëåâîì îêíå , ìåíüøå çàäàííîãî äëÿ íåãî
ïîðîãîâîãî çíà÷åíèÿ: Nwl < h wl ;

(3) êîëè÷åñòâî èìïóëüñîâ, çàðåãèñòðèðîâàííûõ â ïðàâîì îêí å, ìåíüøå çàäàííîãî äëÿ íåãî
ïîðîãîâîãî çíà÷åíèÿ: Nwr < h wr .
Â ñëó÷àå åñëè ñðàçó íåñêîëüêî ïîäðÿä èäóùèõ îêîí ïîäõîäÿò ïî ä çàäàííóþ ìîäåëü

áîëòîâîãî ñîåäèíåíèÿ, èç íèõ ìîæåò áûòü îñòàâëåíî îäíî �� öå íòðàëüíîå îêíî.

5 Ïîèñê îïòèìàëüíûõ ïàðíûõ ñîîòâåòñòâèé ìåæäó ýëåìåíòàìè
äåôåêòîãðàìì

5.1 Ñðàâíåíèå ýëåìåíòîâ äåôåêòîãðàìì
Î÷åâèäíî, ÷òî ïîèñê îïòèìàëüíûõ ïàðíûõ ñîîòâåòñòâèé ìåæäó ýëåìåíòàìè äåôåêòî-

ãðàìì äîëæåí îñíîâûâàòüñÿ íà ñðàâíåíèè ñîñòàâëÿþùèõ èõ ýëå ìåíòîâ. Ïðè÷åì îò òîãî,
íàñêîëüêî óäà÷íî áóäåò âûáðàíà ìåðà íåñõîäñòâà ýëåìåíòîâ ä åôåêòîãðàìì, âî ìíîãîì
çàâèñèò è êà÷åñòâî ðåçóëüòàòà ïîèñêà îïòèìàëüíûõ ñîîòâåòñòâèé.

Ïîñêîëüêó êàæäûé ýëåìåíò äåôåêòîãðàììû ïî îòäåëüíîìó êàíà ëó ïðåäñòàâëÿåò ñîáîé
èìïóëüñíûé ñèãíàë è ìîæåò ñîäåðæàòü íåêîòîðîå êîëè÷åñòâî è ìïóëüñîâ (1), òî ïðÿìîå èõ
ñðàâíåíèå îêàçûâàåòñÿ íåâîçìîæíûì.

Â ñâÿçè ñ ýòèì â äàííîé ðàáîòå èñïîëüçóåòñÿ ñïåöèàëüíàÿ ìàòå ìàòè÷åñêàÿ ìîäåëü,
ïðåäëîæåííàÿ àâòîðàìè â [14], äëÿ ïðåäñòàâëåíèÿ ýëåìåíòîâ äåôåêòîãðàìì â âèäå, óäîá-
íîì äëÿ èõ äàëüíåéøåãî ñðàâíåíèÿ.
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Ðèñ. 6 Ãðàôè÷åñêîå ïðåäñòàâëåíèå ìîäåëè îïèñàíèÿ ýëåìåíòà äåôåê òîãðàììû ïî îäíîìó êàíàëó

�

A

Ðèñ. 7 Ãðàôè÷åñêîå ïðåäñòàâëåíèå ìåðû íåñõîäñòâà äâóõ ýëåìåíòîâ äåôåêòîãðàìì

Ñîãëàñíî äàííîé ìîäåëè, êàæäûé ýëåìåíò äåôåêòîãðàììû ïî îò äåëüíîìó êàíàëó x =
= f (� i ; ai ); i = 1; : : : ; ng îïèñûâàåòñÿ âçâåøåííîé ñóììîé íîðìàëüíûõ ðàñïðåäåëåíèé
ñ íåêîòîðîé äèñïåðñèåé � è ìàòåìàòè÷åñêèì îæèäàíèåì, ðàâíûì çàäåðæêå ñîîòâåòñò-
âóþùåãî èìïóëüñà � i :

f (� jx) =
nX

i =1

ai
1

�
p

2�
exp

�
�

1
2� 2

(� � � i )2

�
: (2)

Ïðè ýòîì äëÿ òî÷êè, â êîòîðîé íå çàðåãèñòðèðîâàíî èìïóëüñîâ , f (x) = 0 , ÷òî íå ïðîòèâî-
ðå÷èò çäðàâîìó ñìûñëó.

Ïóñòü x0 = f (� 0
i ; a0

i ) 2 R2; i = 1; : : : ; n0g è x00= f (� 00
i ; a00

i ) 2 R2; i = 1; : : : ; n00g � äâà
ýëåìåíòà äåôåêòîãðàììû. Ïðèìåð èõ ãðàôè÷åñêîãî ïðåäñòàâë åíèÿ ñîãëàñíî âûáðàííîé
ìîäåëè ïðåäñòàâëåí íà ðèñ. 6.

Ìåðó èõ íåñõîäñòâà âñëåä çà [21] áóäåì âû÷èñëÿòü êàê èíòåãðàë îò êâàäðàòà ðàçíîñòè
ïðåäñòàâëÿþùèõ èõ ôóíêöèé (2):

~r (x0; x00) =

vu
u
u
t

1Z

�1

[f (� jx0) � f (� jx00)]2 d� : (3)

Ãåîìåòðè÷åñêè äàííàÿ ìåðà íåñõîäñòâà ìîæåò áûòü èíòåðïðåò èðîâàíà êàê ïëîùàäü
ôèãóðû, îãðàíè÷åííîé ãðàôèêàìè ðàñïðåäåëåíèé, îïèñûâàþù èõ ñðàâíèâàåìûå ýëåìåíòû
äåôåêòîãðàììû (ðèñ. 7).
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Óäîáñòâî èñïîëüçóåìîãî ïðåäñòàâëåíèÿ çàêëþ÷àåòñÿ â òîì, ÷ òî èíòåãðàë â (3) ìîæåò
áûòü âû÷èñëåí àíàëèòè÷åñêè. Â ðåçóëüòàòå ìåðà íåñõîäñòâà (3) ìîæåò áûòü çàïèñàíà
â ñëåäóþùåì ýêâèâàëåíòíîì âèäå:

~r (x0; x00) =
p

� (x0; x0) + � (x00; x00) � 2� (x0; x00) ;

� (x0; x00) =
n0X

i =1

n00X

j =1

a0
i a

00
j exp

"

�
�

� 0
i � � 00

j

2�

� 2
#

:
(4)

Ïðè ýòîì íåñõîäñòâî íåêîòîðîãî ýëåìåíòà äåôåêòîãðàììû x0 = f (� 0
i ; a0

i ) 2 R2; i = 1; : : : ; n0g
ñ íóëåâûì ýëåìåíòîì ' = (0 ; 0), íå ñîäåðæàùèì èìïóëüñîâ, ìîæåò áûòü âû÷èñëåíî ïî åùå
áîëåå ïðîñòîé ôîðìóëå:

~r (x0; ' ) =

vu
u
t

n0X

i =1

n0X

k=1

a0
i a

0
k exp

"

�
�

� 0
i � � 0

k

2�

� 2
#

:

Î÷åâèäíî, ÷òî îäèíàêîâûå ïî ôîðìå ñèãíàëû áóäóò èìåòü íóëåâ óþ ìåðó íåñõîäñòâà.
Íàèáîëüøåå æå çíà÷åíèå ìåðû íåñõîäñòâà áóäåò íàáëþäàòüñÿ ï ðè ñðàâíåíèè ñèãíàëà
ñ áîëüøèì êîëè÷åñòâîì âûñîêîàìïëèòóäíûõ èìïóëüñîâ è íóëåâ îãî ñèãíàëà.

Ñîâìåñòíîå èñïîëüçîâàíèå èíôîðìàöèè, ïîëó÷åííîé ñ ðàçíûõ êàíàëîâ, â ðàìêàõ äàí-
íîé ðàáîòû îñóùåñòâëÿåòñÿ ïóòåì âû÷èñëåíèÿ ðàñøèðåííîé ìå ðû íåñõîäñòâà ýëåìåí-
òîâ äåôåêòîãðàììû, ïðåäñòàâëÿþùåé ñîáîé ëèíåéíóþ êîìáèíà öèþ ÷àñòíûõ ìåð íåñõîä-
ñòâà (4) ñ íåêîòîðûìè íåîòðèöàòåëüíûìè âåñàìè ci , â ñóììå ñîñòàâëÿþùèìè åäèíèöó:

r (x 0; x 00) =
mX

i =1

ci ~r (x0
i ; x00

i );
mX

i =1

ci = 1 : (5)

5.2 Ïîñòàíîâêà çàäà÷è ïîèñêà îïòèìàëüíûõ ïàðíûõ ñîîòâåòñò âèé

Ïóñòü èìåþòñÿ äâà ìíîãîêîìïîíåíòíûõ äèñêðåòíûõ ñèãíàëà, X = ( x 1; : : : ; x NX ) è Y =
= ( y 1; : : : ; y NY

), ïðåäñòàâëÿþùèõ ñîãëàñíî (1) ôðàãìåíòû äåôåêòîãðàìì è èìå þùèõ â îá-
ùåì ñëó÷àå ðàçíóþ äëèíó. Îäèí èç íèõ � X � ïðèìåì çà ¾áàçîâûé¿, à äðóãîé � Y � çà
¾ññûëî÷íûé¿.

Ïóñòü òàêæå íà ìíîæåñòâå ýëåìåíòîâ ýòèõ ñèãíàëîâ îïðåäåëåí à ìåòðèêà, íàïðèìåð
ñîãëàñíî (5).

Òðåáóåòñÿ íàéòè îïòèìàëüíûå ïàðíûå ñîîòâåòñòâèÿ ýëåìåíòî â äåôåêòîãðàìì (îïòè-
ìàëüíîå ïàðíîå âûðàâíèâàíèå ñîîòâåòñòâóþùèõ ñèãíàëîâ)

T̂ = arg min
T

J (X ; Y ; T) ;

ò. å. êàæäîìó ýëåìåíòó èç áàçîâîãî ñèãíàëà ñîïîñòàâèòü íåêî òîðûé ýëåìåíò èç ññûëî÷íîãî,
à ðåçóëüòàò çàïîìíèòü â âèäå òàáëèöû ññûëîê

T = ( � t ; t = 1; : : : ; NX ) ;

ãäå� t 2 f 1; _NY g � àáñîëþòíàÿ ññûëêà (íîìåð ýëåìåíòà â ññûëî÷íîì ñèãíàëå, ñî îòâåòñòâó-
þùèé ýëåìåíòó t â áàçîâîì).

Ïðèìåíèòåëüíî ê äèñêðåòíûì ñèãíàëàì òàêóþ çàäà÷ó ïðèíÿòî í àçûâàòü çàäà÷åé ïàð-
íîãî âûðàâíèâàíèÿ (Dynamic Time Warping â àíãëîÿçû÷íîé òåð ìèíîëîãèè) [28].
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5.3 Êðèòåðèé ëîêàëüíî-ãëîáàëüíîãî âûðàâíèâàíèÿ äëÿ ïîèñê à îïòèìàëüíûõ
ïàðíûõ ñîîòâåòñòâèé

Î÷åâèäíî, ÷òî ðåøåíèå çàäà÷è ïîèñêà îïòèìàëüíûõ ïàðíûõ ñîî òâåòñòâèé (ïàðíîãî
âûðàâíèâàíèÿ) ôðàãìåíòîâ äåôåêòîãðàìì áóäåò ñóùåñòâåííû ì îáðàçîì çàâèñåòü îò òîãî,
êàêîé êðèòåðèé ïàðíîãî âûðàâíèâàíèÿ J (X ; Y ; T) áóäåò âûáðàí äëÿ óñòàíîâëåíèÿ îïòè-
ìàëüíûõ ïàðíûõ ñîîòâåòñòâèé.

Òðàäèöèîííûì êðèòåðèåì ïàðíîãî âûðàâíèâàíèÿ äèñêðåòíûõ ñ èãíàëîâ ÿâëÿåòñÿ êðè-
òåðèé ãëîáàëüíîãî âûðàâíèâàíèÿ [14, 21, 28�30]. Îñîáåííîñ òüþ ãëîáàëüíîãî âûðàâíèâàíèÿ
ÿâëÿåòñÿ òî, ÷òî ïðè âûðàâíèâàíèè îáÿçàòåëüíî ñòàâÿòñÿ â ñî îòâåòñòâèå äðóã äðóãó ïåð-
âûå è ïîñëåäíèå ýëåìåíòû ñðàâíèâàåìûõ ñèãíàëîâ è íè îäèí ýëå ìåíò íå îñòàåòñÿ íå ñâÿ-
çàííûì.

Îäíàêî òàêîé ñïîñîá õîðîøî ïîäõîäèò ëèøü äëÿ ñðàâíåíèÿ áëèç êèõ ïî äëèíå ôðàãìåí-
òîâ, ÷òî â ðàáîòàõ [14, 21] îáóñëîâèëî íåîáõîäèìîñòü ïðîõîæ äåíèÿ âäîëü äåôåêòîãðàììû
ñêîëüçÿùèì îêíîì ôèêñèðîâàííîé äëèíû, ðàâíîé äëèíå çîíû òè ïîâîãî áîëòîâîãî ñîåäè-
íåíèÿ ñ ïîñëåäóþùèì èõ âûðàâíèâàíèåì, è, ñîîòâåòñòâåííî, ï îâëåêëî çà ñîáîé íåîáõîäè-
ìîñòü âûïîëíåíèÿ áîëüøîãî îáúåìà âû÷èñëåíèé.

Â äàííîé ðàáîòå äëÿ ïîèñêà îïòèìàëüíûõ ïàðíûõ ñîîòâåòñòâèé ìåæäó ýëåìåíòàìè
äåôåêòîãðàìì âïåðâûå ïðèìåíÿåòñÿ êðèòåðèé ëîêàëüíî-ãëîá àëüíîãî âûðàâíèâàíèÿ, êî-
òîðûé â îòëè÷èå îò òðàäèöèîííîãî äëÿ ñèãíàëîâ êðèòåðèÿ ãëîá àëüíîãî âûðàâíèâàíèÿ
òðåáóåò îáÿçàòåëüíîãî ñîïîñòàâëåíèÿ âñåõ ýëåìåíòîâ òîëüê î îäíîãî èç ñðàâíèâàåìûõ ñèã-
íàëîâ, âî âòîðîì æå ñèãíàëå ïðîèçâîëüíîå ÷èñëî íà÷àëüíûõ è ê îíå÷íûõ ýëåìåíòîâ ðàç-
ðåøàåòñÿ îñòàâèòü íåñâÿçàííûìè áåç íàëîæåíèÿ íà ýòî êàêîãî -ëèáî øòðàôà:

J (X ; Y ; T) = r (x 1; y � 1
) +

NXX

t=2


 (� t � 1; � t ) ;


 (� t � 1; � t ) =

8
>>>><

>>>>:

� + r (x t ; y � t
) ; � t = � t � 1 ;

� j� t � � t � 1 � 1j +
� tX

j = � t � 1+1

r (x t ; y j ) ; � t > � t � 1 ;

1 ; � t < � t � 1 ;

9
>>>>>>>>>>=

>>>>>>>>>>;

(6)

ãäå � � øòðàô íà íåïàðàëëåëüíûå ññûëêè, ñîîòâåòñòâóþùèå ëîêàëüí ûì ñæàòèÿì èëè
ðàñòÿæåíèÿì îñåé ñèãíàëîâ, ïðåäñòàâëÿþùèõ ôðàãìåíòû äåôå êòîãðàìì, ïðè èõ âûðàâ-
íèâàíèè, à çàïèñü r (x 1; y � 1

) îçíà÷àåò, ÷òî ïåðâûé ýëåìåíò áàçîâîé äåôåêòîãðàììû ìîæåò

Ðèñ. 8 Ïðèìåð óñòàíîâëåíèÿ ïàðíûõ ñîîòâåòñòâèé ïðè ëîêàëüíî-ãëî áàëüíîì âûðàâíèâàíèè



Ä. Í. ×åïðàñîâ, À. À. Ìàëåíè÷åâ, Â. Â. Ñóëèìîâà è äð. 1742

ñîîòâåòñòâîâàòü ëþáîìó ýëåìåíòó ññûëî÷íîé äåôåêòîãðàììû . Ñõåìàòè÷íî èäåÿ ëîêàëü-
íî-ãëîáàëüíîãî ïàðíîãî âûðàâíèâàíèÿ ôðàãìåíòîâ äåôåêòîã ðàìì ïðåäñòàâëåíà íà ðèñ. 8.

Ñëåäóåò îáðàòèòü âíèìàíèå, ÷òî ñîãëàñíî êðèòåðèþ (6), â ñëó ÷àå åñëèj� t � � t � 1j >
> 1, ñ÷èòàåòñÿ, ÷òî ýëåìåíòt áàçîâîãî ñèãíàëà ñòàâèòñÿ â ñîîòâåòñòâèå ñðàçó íåñêîëüêèì
ýëåìåíòàì ññûëî÷íîãî ñèãíàëà � t � 1 + 1; : : : ; � t .

Ñàìîé âàæíîé îñîáåííîñòüþ êðèòåðèÿ (6), ýêñïëóàòèðóåìîé â äàííîé ðàáîòå, ÿâëÿåòñÿ
òî, ÷òî îí ðàçðåøàåò îñòàâëÿòü ñâîáîäíûìè íà÷àëüíûå è êîíå÷ íûå ýëåìåíòû ññûëî÷íî-
ãî ñèãíàëà. Òàêàÿ îñîáåííîñòü äåëàåò åãî áîëåå àäåêâàòíûì ï î ñðàâíåíèþ ñ êðèòåðèåì
ãëîáàëüíîãî âûðàâíèâàíèÿ â ñëó÷àÿõ, êîãäà òðåáóåòñÿ íàéòè ìåñòîïîëîæåíèå íåêîòîðîãî
çàäàííîãî íåáîëüøîãî ôðàãìåíòà ñèãíàëà â áîëåå äëèííîì, ÷ò î êàê ðàç òðåáóåòñÿ â äàííîé
ðàáîòå íà ñòàäèè óòî÷íåíèÿ êîîðäèíàò îïîðíûõ çîí áîëòîâîãî ñîåäèíåíèÿ.

5.4 Àëãîðèòì ëîêàëüíî-ãëîáàëüíîãî âûðàâíèâàíèÿ ôðàãìåíò îâ äåôåêòîãðàìì

Ñëåäóåò îáðàòèòü âíèìàíèå, ÷òî êðèòåðèé (6) ÿâëÿåòñÿ ñåïàðàáåëüíîé ôóíêöèåé, ïî-
ñêîëüêó ìîæåò áûòü ïðåäñòàâëåí êàê ñóììà áîëåå ïðîñòûõ ôóíê öèé, çàâèñÿùèõ òîëüêî
îò äâóõ ñîñåäíèõ ïåðåìåííûõ � t � 1 è � t . Ïîýòîìó åãî ìèíèìóì ìîæåò áûòü íàéäåí ïðè
ïîìîùè ïðîöåäóðû äèíàìè÷åñêîãî ïðîãðàììèðîâàíèÿ [31]. Îä íàêî áîëåå óäîáíûì, íà-
ãëÿäíûì è ýôôåêòèâíûì ÿâëÿåòñÿ ïðåäñòàâëåíèå àëãîðèòìà ïð è ïîìîùè ãðàôà ïàðíûõ
ñîîòâåòñòâèé, êàæäàÿ âåðøèíà êîòîðîãî ñâÿçûâàåò îïðåäåëåííûé ýëåìåíò áàçîâîãî ñèã-
íàëà ñ îïðåäåëåííûì ýëåìåíòîì ññûëî÷íîãî ñèãíàëà, ïðåäñòà âëÿþùèõ ôðàãìåíòû äåôåê-
òîãðàìì.

Çàìåòèì, ÷òî ëþáîå ëîêàëüíî-ãëîáàëüíîå âûðàâíèâàíèå ôðàã ìåíòîâ äåôåêòîãðàìì
ìîæåò áûòü ïðåäñòàâëåíî â âèäå ïóòè íà äàííîì ãðàôå, íà÷èíàþ ùèìñÿ â îäíîé èç âåð-
øèí âåðõíåé ãðàíè, ïðîõîäÿùèì ïîñëåäîâàòåëüíî ïî íåêîòîðû ì ðåáðàì ãðàôà ÷åðåç åãî
âåðøèíû è çàêàí÷èâàþùèìñÿ â îäíîé èç âåðøèí íèæíåé ãðàíè (ðè ñ. 9). Ïðè ýòîì ïåðå-
ìåùåíèå ïî ãîðèçîíòàëüíîìó ðåáðó ñîîòâåòñòâóåò ëîêàëüíîì ó ðàñòÿæåíèþ îñè áàçîâîãî
ñèãíàëà, ïåðåìåùåíèå ïî âåðòèêàëüíîìó ðåáðó � ëîêàëüíîìó ð àñòÿæåíèþ îñè ññûëî÷íîãî
ñèãíàëà.

Àëãîðèòì ïîèñêà îïòèìàëüíûõ ïàðíûõ ñîîòâåòñòâèé ïðè ïîìîù è ãðàôà ïàðíûõ ñî-
îòâåòñòâèé çàêëþ÷àåòñÿ â ïîñëåäîâàòåëüíîì ïðîõîæäåíèè ïî âåðøèíàì ãðàôà ñ êîîðäè-
íàòàìè (i; j ); i = 1; :::; Nx ; j = 1; :::; NY , íà÷èíàÿ ñ ëåâîé âåðõíåé è çàêàí÷èâàÿ ïðàâîé

(à) Ïðèìåð ëîêàëüíî-ãëîáàëüíîãî âûðàâíèâàíèÿ (á) Èëëþñòðàöèÿ àëãîðèòìà ïîèñêà îïòèìàëüíî-
ãî ïàðíîãî âûðàâíèâàíèÿ

Ðèñ. 9 Ïðèìåðû ïðèìåíåíèÿ ãðàôà ïàðíûõ ñîîòâåòñòâèé äëÿ âûðàâíèâ àíèÿ äåôåêòîãðàìì
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íèæíåé, è âû÷èñëåíèè â êàæäîé âåðøèíå çíà÷åíèÿ íåïîëíîãî êð èòåðèÿ ~J(i;j ) :

~J(1;j ) = r (x 1; y j ); j = 1; : : : ; NY ;

~J(i;j ) = r (x i ; y j ) + min

8
><

>:

� + ~J(i � 1;j ) ;
~J(i � 1;j � 1);

� + ~J(i;j � 1);

i = 2; : : : ; NX ; j = 1; : : : ; NY :

Â êà÷åñòâå ïîñëåäíåé âåðøèíû îïòèìàëüíîãî ïóòè âûáèðàåòñÿ âåðøèíà íèæíåé ãðàíè,
îáåñïå÷èâàþùàÿ ìèíèìàëüíîå çíà÷åíèå íåïîëíîãî êðèòåðèÿ:

ĵ = arg min
j =1 ;:::;N Y

~J(NX ;j ) :

Îïòèìàëüíîå çíà÷åíèå êðèòåðèÿ ðàâíî çíà÷åíèþ â ýòîé âåðøèí å:

J (T;X ; Y ) = ~J(NX ;ĵ ) :

Äëÿ âîññòàíîâëåíèÿ òðàåêòîðèè îïòèìàëüíîãî âûðàâíèâàíèÿ , ò. å. íåïîñðåäñòâåííî
òàáëèöû ñîîòâåòñòâèéT = ( � t ; t = 1; : : : ; NX ); � t 2 f 1; : : : ; NY g ýëåìåíòîâ ñðàâíèâàåìûõ
ôðàãìåíòîâ äåôåêòîãðàìì, íà îáðàòíîì õîäå, ïîñëåäîâàòåëü íî ïåðåìåùàÿñü â îáðàòíîì
íàïðàâëåíèè, íà÷èíàÿ ñ âåðøèíû (t = NX ; � NX = ĵ ), îïðåäåëÿåòñÿ îïòèìàëüíîå íàïðàâ-
ëåíèå îáðàòíîãî äâèæåíèÿ � èíäåêñ âåðøèíû, äâèæåíèå èç êîòî ðîé â äàííóþ âåðøèíó
îáåñïå÷èâàåò ìèíèìóì íåïîëíîãî êðèòåðèÿ.

Â öåëîì äàííûé àëãîðèòì î÷åíü ïîõîæ íà àëãîðèòì ëîêàëüíî-ãë îáàëüíîãî âûðàâíè-
âàíèÿ ñèìâîëüíûõ ïîñëåäîâàòåëüíîñòåé [32], íî èìååò è íåêî òîðûå ïðèíöèïèàëüíûå îò-
ëè÷èÿ, ñâÿçàííûå ñ òåì, ÷òî ýëåìåíòû ñèìâîëüíûõ ïîñëåäîâàò åëüíîñòåé â îòëè÷èå îò
ýëåìåíòîâ äåôåêòîãðàìì ïðèíàäëåæàò íåêîòîðîìó êîíå÷íîìó àëôàâèòó, à åñòåñòâåííûì
ñïîñîáîì äåôîðìàöèè ïðè âûðàâíèâàíèè ÿâëÿåòñÿ óäàëåíèå, â ñòàâêà è çàìåíà ñèìâîëîâ,
à íå ñæàòèå è ðàñòÿæåíèå, êàê â ñëó÷àå ñèãíàëîâ, ïðåäñòàâëÿþùèõ äåôåêòîãðàììû.

6 Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå

6.1 Âûáîð ïàðàìåòðîâ è èññëåäîâàíèå ïðèìåíèìîñòè òðåõîêîí íîé ìîäåëè
äëÿ ëîêàëèçàöèè çîíû áîëòîâîãî ñîåäèíåíèÿ

Âûáîð ïàðàìåòðîâ ïðåäëîæåííîé òðåõîêîííîé ìîäåëè îñóùåñò âëÿëñÿ íà îñíîâå àíà-
ëèçà äåôåêòîãðàìì, âêëþ÷àþùèõ 20 çîí áîëòîâûõ ñîåäèíåíèé, à òàêæå ó÷àñòêè ìåæäó
íèìè.

Â ðåçóëüòàòå áûëî âûÿâëåíî, ÷òî íàèáîëåå ïîäõîäÿùèì óëüòðà çâóêîâûì êàíàëîì äëÿ
ïðèìåíåíèÿ òðåõîêîííîé ìîäåëè ÿâëÿåòñÿ 6-é óëüòðàçâóêîâîé êàíàë íàêëîííîãî (ïîä óã-
ëîì 42 � ) ââîäà óëüòðàçâóêîâûõ êîëåáàíèé äâóõíèòî÷íîãî äåôåêòîñê îïà ÀÂÈÊÎÍ-11. Òàê-
æå áûëè âûáðàíû ñëåäóþùèå ïàðàìåòðû ìîäåëè: øèðèíà îñíîâíî ãî îêíà W = 2000; øè-
ðèíà ëåâîãî è ïðàâîãî äîïîëíèòåëüíûõ îêîí wl = wr = w = 500; ïîðîãîâîå êîëè÷åñòâî
óëüòðàçâóêîâûõ èìïóëüñîâ â îñíîâíîì îêíå NW = 160; ïîðîãîâîå êîëè÷åñòâî èìïóëüñîâ
â ëåâîì è ïðàâîì îêíàõ Nwl = Nwr = Nw = 50; øàã ñêîëüæåíèÿ îñíîâíîãî îêíà � W = 50.

Íà ðèñ. 10 ïðåäñòàâëåí ïðèìåð çàâèñèìîñòåé êîëè÷åñòâà çàðåãèñòðèðîâàííûõ èìïóëü-
ñîâ ïî 6-ìó êàíàëó â ëåâîì (çåëåíûé), îñíîâíîì (ñèíèé) è ïðàâîì (êðà ñíûé) îêíàõ îò
ïîëîæåíèÿ îñíîâíîãî îêíà äëÿ âûáðàííûõ çíà÷åíèé ïàðàìåòðî â. Ïðèìåð äåìîíñòðèðó-
åò, ÷òî ïðè âûáðàííûõ çíà÷åíèÿõ ïàðàìåòðîâ òðåõîêîííàÿ ìîä åëü ïîçâîëÿåò óâåðåííî
âûäåëèòü ôðàãìåíòû äåôåêòîãðàìì, ñîîòâåòñòâóþùèå çîíàì á îëòîâûõ ñîåäèíåíèé.
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Ðèñ. 10 Ãðàôèê çàâèñèìîñòè êîëè÷åñòâà çàðåãèñòðèðîâàííûõ èìïóëü ñîâ îò ïîëîæåíèÿ öåíòðàëü-
íîãî îêíà äëÿ âûáðàííûõ çíà÷åíèé ïàðàìåòðîâ

Ïðîâåðêà àäåêâàòíîñòè ïîñòðîåííîé ìîäåëè îñóùåñòâëÿëàñü íà 60 ôðàãìåíòàõ äåôåê-
òîãðàìì, íå âêëþ÷àþùèõ ôðàãìåíòû, èñïîëüçîâàâøèåñÿ íà ýòà ïå âûáîðà ïàðàìåòðîâ.
Êàæäûé èç 60 àíàëèçèðóåìûõ ôðàãìåíòîâ äåôåêòîãðàìì ñîäåðæèò äâå çîíû á îëòîâîãî
ñîåäèíåíèÿ è òðè ó÷àñòêà ðåëüñîâîãî ïóòè âíå çîíû áîëòîâîãî ñîåäèíåíèÿ. Òàêèì îáðàçîì,
âñåãî áûëî ïðîàíàëèçèðîâàíî 120 çîí áîëòîâûõ ñîåäèíåíèé è 1 80 íåáîëòîâûõ ñîåäèíåíèé,
÷òî ñîîòâåòñòâóåò ðåëüñîâîìó ïóòè îáùåé ïðîòÿæåííîñòüþ îê îëî 9 êì.

Êîððåêòíîñòü ðàáîòû ðàçðàáîòàííîé ïðîöåäóðû ëîêàëèçàöèè çîí áîëòîâûõ ñîåäèíå-
íèé îöåíèâàëàñü ïóòåì ñðàâíåíèÿ ðåçóëüòàòîâ åå ðàáîòû ñ ýêñïåðòíîé îöåíêîé.

Â ðåçóëüòàòå âñå çîíû áîëòîâûõ ñîåäèíåíèé, ðàçìå÷åííûå ýêñ ïåðòîì, áûëè ëîêàëè-
çîâàíû âåðíî � êàæäàÿ çîíà áîëòîâîãî ñîåäèíåíèÿ áûëà âûðåçà íà åäèíñòâåííûì îêíîì,
ïðè÷åì íå áûëî íè îäíîãî ñëó÷àÿ îáðåçàíèÿ çîíû áîëòîâîãî ñîå äèíåíèÿ (ò. å. âûáîðà ôðàã-
ìåíòà, äåôåêòîãðàììû, ñîäåðæàùåãî ëèøü åå ÷àñòü), à òàêæå í å áûëî çàôèêñèðîâàíî íè
îäíîãî ñëó÷àÿ ëîæíîãî ñðàáàòûâàíèÿ (ò. å. âûäåëåíèÿ ôðàãìå íòà, íå ñîäåðæàùåãî çîíó
áîëòîâîãî ñîåäèíåíèÿ).

6.2 Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå òî÷íîñòè âûäåëåíèÿ çî í áîëòîâûõ ñî-
åäèíåíèé

Öåëüþ äàííîé ÷àñòè èññëåäîâàíèÿ ÿâëÿëàñü îöåíêà òî÷íîñòè â ûäåëåíèÿ çîí áîëòîâûõ
ñîåäèíåíèé íà äåôåêòîãðàììå ïðè ïîìîùè ïðèìåíåíèÿ ïðåäëîæ åííîé â äàííîé ðàáîòå
òðåõîêîííîé ìîäåëè ñîâìåñòíî ñ ïðîöåäóðîé ëîêàëüíî-ãëîáà ëüíîãî âûðàâíèâàíèÿ ôðàã-
ìåíòîâ äåôåêòîãðàìì.

Íà äàííîì ýòàïå ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ èñïîëüçî âàëñÿ ó÷àñòîê äåôåêòî-
ãðàììû, ñîäåðæàùèé 28çîí áîëòîâûõ ñîåäèíåíèé, íà êîòîðîì ýêñïåðòàìè áûëè îòìå÷å íû
öåíòðû, ñîîòâåòñòâóþùèå íåïîñðåäñòâåííî ðåëüñîâûì ñòûêà ì. Êðîìå òîãî, äîïîëíèòåëüíî
áûë âûáðàí ýòàëîííûé ôðàãìåíò äåôåêòîãðàììû, ñîäåðæàùèé ò èïîâóþ çîíó áîëòîâîãî
ñîåäèíåíèÿ, íà êîòîðîì òàêæå ýêñïåðòîì áûë îòìå÷åí ðåëüñîâ ûé ñòûê.

Ñîãëàñíî ïðåäëîæåííîìó ïîäõîäó ñíà÷àëà îñóùåñòâëÿëàñü ïð èìåðíàÿ ëîêàëèçàöèÿ
êàæäîé èç 28 çîí áîëòîâûõ ñîåäèíåíèé ïðè ïîìîùè ðàçðàáîòàíí îé òðåõîêîííîé ìîäåëè
ñ ïàðàìåòðàìè, âûáðàííûìè â ïðåäûäóùåì ðàçäåëå.
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Òàáëèöà 1 Îøèáêà îïðåäåëåíèÿ êîîðäèíàò ðåëüñîâîãî ñòûêà (ñì)

Êàíàë min max mean std median
5 0,000 4,2000 1,6929 0,9622 1,7000
6 0,000 29,600 3,9857 7,0077 1,2000
7 0,000 83,000 10,414 21,474 1,3000

5 + 6 + 7 0,000 5,2000 1,2357 1,3065 0,600

Òàáëèöà 2 Êîëè÷åñòâî è ïðîöåíò çîí áîëòîâûõ ñîåäèíåíèé ñ çàäàííîé îøè áêîé îïðåäåëåíèÿ
êîîðäèíàòû ðåëüñîâîãî ñòûêà

Îøèáêà ñåãìåíòàöèè (îòêëîíåíèå îò îòìåòêè ýêñïåðòà)
Êàíàë 0 ñì < 1 ñì < 3 ñì < 6 ñì

5 0 (0%) 8 (28;57%) 26 (92;85%) 28 (100%)
6 2 (7;14%) 14 (50%) 22 (78;57%) 28 (100%)
7 1 (3;57%) 13 (46;43%) 20 (71;43%) 22 (78;57%)

5 + 6 + 7 1 (3;57%) 16 (57;14%) 26 (92;85%) 28 (100%)

Â ðåçóëüòàòå ïðèìåíåíèÿ ïðîöåäóðû ëîêàëèçàöèè çîí áîëòîâû õ ñîåäèíåíèé áûëî ïî-
ëó÷åíî 28 ôðàãìåíòîâ äåôåêòîãðàìì äëèíîé 2000 îòñ÷åòîâ (4 ì ), êàæäûé èç êîòîðûõ
ñîäåðæèò îäíó çîíó áîëòîâîãî ñîåäèíåíèÿ.

Äàëåå ïðîèçâîäèëîñü óòî÷íåíèå ïîëîæåíèÿ êàæäîé çîíû áîëòî âîãî ñîåäèíåíèÿ ïðè ïî-
ìîùè ïðîöåäóðû ëîêàëüíî-ãëîáàëüíîãî âûðàâíèâàíèÿ êàæäîã î èç íàéäåííûõ ôðàãìåíòîâ
ñ âûáðàííûì ýòàëîííûì ôðàãìåíòîì, ñîîòâåòñòâóþùèì òèïîâî ìó áîëòîâîìó ñîåäèíåíèþ.

Öåíòð êàæäîé íàéäåííîé çîíû áîëòîâîãî ñîåäèíåíèÿ (ïîëîæåí èå ðåëüñîâîãî ñòûêà)
îïðåäåëÿëñÿ êàê îòñ÷åò, ïîñòàâëåííûé â ðåçóëüòàòå ïàðíîãî âûðàâíèâàíèÿ â ñîîòâåòñòâèå
îòìå÷åííîìó ýêñïåðòîì ðåëüñîâîìó ñòûêó íà ýòàëîííîì ôðàãì åíòå.

Îïèñàííûå âû÷èñëåíèÿ ïðîèçâîäèëèñü 4 ðàçà: ïî òðåì ðàçëè÷í ûì óëüòðàçâóêîâûì
êàíàëàì îòäåëüíî (5-, 6- è 7-ìó êàíàëàì) è ïî âñåì êàíàëàì îäí îâðåìåííî. Äëÿ êàæäîãî èç
÷åòûðåõ óêàçàííûõ ñëó÷àåâ áûëè âû÷èñëåíû îòêëîíåíèÿ íàéäå ííûõ êîîðäèíàò ðåëüñîâûõ
ñòûêîâ äëÿ êàæäîãî èç 28 çîí áîëòîâûõ ñîåäèíåíèé îò êîîðäèíà ò ñòûêîâ, îòìå÷åííûõ
ýêñïåðòîì. Ñòàòèñòèêè äàííûõ îòêëîíåíèé ïðèâåäåíû â òàáë. 1.

Â òàáë. 2 ïðèâåäåíû êîëè÷åñòâà è äîëè çîí áîëòîâûõ ñîåäèíåíè é, íàéäåííûå ðåëüñî-
âûå ñòûêè êîòîðûõ îòêëîíÿþòñÿ îò îòìå÷åííûõ ýêñïåðòàìè íà ç íà÷åíèå èç óêàçàííîãî
äèàïàçîíà.

Êàê âèäíî èç òàáë. 1 è 2, èñïîëüçîâàíèå èíôîðìàöèè, ïîëó÷åíí îé ïî ðàçíûì êàíàëàì,
ïîçâîëÿåò óëó÷øèòü òî÷íîñòü îïðåäåëåíèÿ êîîðäèíàò ðåëüñî âîãî ñòûêà. Â ðåçóëüòàòå,
ïðåäëîæåííûé ïîäõîä ïîçâîëèë äîñòàòî÷íî òî÷íî ïðîèçâåñòè âûäåëåíèå çîí áîëòîâûõ
ñîåäèíåíèé ñ îøèáêîé, íå ïðåâûøàþùåé 6 ñì, ïðè÷åì â 92,85% ñë ó÷àåâ îøèáêà íå ïðåâû-
øàåò 3 ñì, ÷òî ÿâëÿåòñÿ äîñòàòî÷íîé òî÷íîñòüþ ïðè àíàëèçå ðå ëüñîâîãî ïóòè.

6.3 Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå àëãîðèòìà âîññòàíîâë åíèÿ ïðîïóùåííûõ
äàííûõ

Ïîñêîëüêó çàäà÷à âîññòàíîâëåíèÿ ïðîïóùåííûõ äàííûõ ñôîðì óëèðîâàíà â äàííîé ðà-
áîòå êàê çàäà÷à ïîèñêà íà äåôåêòîãðàììå ïðåäûäóùåãî ïðîõîä à îáëàñòè, ñîîòâåòñòâó-
þùåé ïðîïóñêó äàííûõ íà äåôåêòîãðàììå òåêóùåãî ïðîõîäà, òî âîçìîæíîñòü óñïåøíîãî
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Òàáëèöà 3 Îøèáêè îïðåäåëåíèÿ êîîðäèíàò íà÷àëà è êîíöà èñêîìîé îáëàñò è íà ïðåäûäóùåì
ïðîõîäå (ñì)

Ïîëîæåíèå ïðîïóñêà îòíîñèòåëüíî çîíû áîëòîâîãî ñîåäèíåíè ÿ
Ïðîõîä Âíå çîíû Â ñåðåäèíå Â ëåâîé èëè ïðàâîé ÷àñòè

Íà÷àëî Êîíåö Íà÷àëî Êîíåö Íà÷àëî Êîíåö
1 2,6 1,6 2,2 3,4 3,2 4,4
2 1,8 2,8 2,6 3,8 3,4 3,8
3 3,8 4,2 3,0 4,2 2,8 4,2
4 2,2 2,8 3,4 1,8 3,6 4,4
5 1,2 0,4 3,4 3,0 1,8 0,8
6 3,0 3,8 3,8 4,2 3,2 4,4
7 3,8 4,2 3,6 1,6 3,8 4,2
8 6,4 5,2 4,6 2,2 3,2 4,4
9 3,8 4,6 5,0 3,8 3,8 4,2

10 1,8 4,2 3,4 9,0 5,6 6,2
Ñðåäíåå 3;04� 1;5 3;38� 1;48 3;49� 0;83 3;7 � 2;1 3;44� 0;95 4;1 � 1;33

Ñðåäíåå ïî âñåì ýêñïåðèìåíòàì: 3;53 � 1;4

âîññòàíîâëåíèÿ äàííûõ (ïðè óñëîâèè îòñóòñòâèÿ ïðîïóñêà íà äåôåêòîãðàììå ïðåäûäó-
ùåãî ïðîõîäà) îïðåäåëÿåòñÿ òî÷íîñòüþ îïðåäåëåíèÿ êîîðäèí àò èíòåðåñóþùåé îáëàñòè íà
äåôåêòîãðàììå ïðåäûäóùåãî ïðîõîäà. Â ñâÿçè ñ ýòèì â äàííîé ÷ àñòè èññëåäîâàíèÿ áûë
ïðîâåäåí ýêñïåðèìåíò ïî îïðåäåëåíèþ íà äåôåêòîãðàììå ïðåä ûäóùåãî ïðîõîäà êîîðäèíàò
îáëàñòè, ñîîòâåòñòâóþùåé ïðîïóñêó, çíàÿ åãî êîîðäèíàòû íà äåôåêòîãðàììå ñ òåêóùåãî
ïðîõîäà.

Äëÿ ýòîãî îòäåëüíî ðàññìàòðèâàëèñü òðè ñëó÷àÿ ëîêàëèçàöèè ïðîïóñêà äàííûõ:
1) ïðîïóñê äàííûõ íàõîäèòñÿ âíå çîíû áîëòîâîãî ñîåäèíåíèÿ;
2) ïðîïóñê äàííûõ íàõîäèòñÿ â íà÷àëå èëè êîíöå çîíû áîëòîâîã î ñîåäèíåíèÿ;
3) ïðîïóñê äàííûõ íàõîäèòñÿ â ñåðåäèíå çîíû áîëòîâîãî ñîåäè íåíèÿ.

Äëÿ êàæäîãî òèïà ëîêàëèçàöèè ïðîïóñêà äàííûõ áûëî ðàññìîòð åíî 10 ðàçëè÷íûõ
ôðàãìåíòîâ äåôåêòîãðàìì.

Äëÿ îïðåäåëåíèÿ êîîðäèíàò ó÷àñòêà äåôåêòîãðàììû ïðåäûäóù åãî ïðîõîäà, ñîîòâåò-
ñòâóþùåãî îáëàñòè ïðîïóùåííûõ äàííûì äåôåêòîãðàììû òåêóù åãî ïðîõîäà, ïðèìåíÿëñÿ
ïðåäëîæåííûé â äàííîé ðàáîòå ïîäõîä, îïèñàííûé â ðàçä. 3.

Â òàáë. 3 ïðèâåäåíû ïîëó÷åííûå ðåçóëüòàòû.
Êàê âèäíî èç òàáë. 3, ïðåäëîæåííûé ïîäõîä ïîçâîëÿåò îïðåäåë èòü êîîðäèíàòû íà÷àëà

è êîíöà îáëàñòè, ñîîòâåòñòâóþùåé ïðîïóùåííûì äàííûì íà äåô åêòîãðàììå ïðåäûäóùå-
ãî ïðîõîäà ñ òî÷íîñòüþ îêîëî 3,5 ñì, ïðè ýòîì òî÷íîñòü ïî÷òè í å çàâèñèò îò òîãî, ïîïà-
äàåò ïðîïóñê íà çîíó áîëòîâîãî ñîåäèíåíèÿ èëè ðàñïîëàãàåòñ ÿ âíå åå. Îäíàêî òî÷íîñòü
îïðåäåëåíèÿ ïîëîæåíèÿ ïðîïóñêà âíå çîíû â ñðåäíåì íåìíîãî â ûøå ïî ñðàâíåíèþ ñ òî÷-
íîñòüþ îïðåäåëåíèÿ ïîëîæåíèÿ ïðîïóñêà, ðàñïîëîæåííîãî â ç îíå áîëòîâîãî ñîåäèíåíèÿ.
Ïðåäïîëîæèòåëüíîé ïðè÷èíîé ýòîãî ÿâëÿåòñÿ òî, ÷òî â äàííîì ñëó÷àå âûðåçàåìûé â ñîîò-
âåòñòâèè ñ ïðåäëîæåííûì ïîäõîäîì ôðàãìåíò äåôåêòîãðàììû, îãðàíè÷åííûé îïîðíûìè
çîíàìè áîëòîâûõ ñîåäèíåíèé, èìååò äâîéíóþ äëèíó, ïîñêîëüê ó çîíà áîëòîâîãî ñîåäèíå-
íèÿ, ñîäåðæàùàÿ ïðîïóñê, íå ìîæåò ÿâëÿòüñÿ îïîðíîé è íàõîäè òñÿ âíóòðè âûðåçàåìîãî
ôðàãìåíòà. Èñïîëüçóåìûé ïðèíöèï ïðîïîðöèîíàëüíîñòè ïðè ý òîì äàåò ìåíåå òî÷íûå ðå-
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çóëüòàòû, ïîñêîëüêó íà áîëüøèõ ó÷àñòêàõ ïóòè âûøå âåðîÿòíî ñòü èçìåíåíèÿ ñêîðîñòè
äâèæåíèÿ äåôåêòîñêîïà.

Êðîìå òîãî, ñëåäóåò îòìåòèòü, ÷òî òî÷íîñòü îïðåäåëåíèÿ êîî ðäèíàòû êîíöà èíòåðå-
ñóþùåé íàñ çîíû â ñðåäíåì íåñêîëüêî íèæå òî÷íîñòè îïðåäåëåí èÿ êîîðäèíàòû íà÷àëà
ñîîòâåòñòâóþùåé çîíû. Ïðåäïîëîæèòåëüíîé ïðè÷èíîé ýòîãî ÿ âëÿåòñÿ òî, ÷òî äàííàÿ êî-
îðäèíàòà îïðåäåëÿåòñÿ èñõîäÿ èç ïðåäïîëîæåíèÿ, ÷òî ó÷àñòî ê, ñîîòâåòñòâóþùèé ïðîïóñêó
íà äåôåêòîãðàììå ïðåäûäóùåãî ïðîõîäà, èìååò òó æå äëèíó, ÷ò î è ïðîïóñê íà òåêóùåì
ïðîõîäå. Îäíàêî åñëè ñêîðîñòü äâèæåíèÿ äåôåêòîñêîïà áûëà í åîäèíàêîâîé íà ïåðâîì
è âòîðîì ïðîõîäàõ, òî è äëèíà ñîîòâåòñòâóþùåé îáëàñòè òîæå ì îæåò èçìåíèòüñÿ, ïîýòîìó,
âîçìîæíî, ïðèìåíåíèå ïðèíöèïà ïðîïîðöèîíàëüíîñòè è äëÿ îï ðåäåëåíèÿ êîíöà îáëàñòè
ìîæåò äàòü áîëåå òî÷íûå ðåçóëüòàòû.

Â öåëîì ñëåäóåò îòìåòèòü, ÷òî äîñòèãíóòàÿ òî÷íîñòü ÿâëÿåòñ ÿ àäåêâàòíîé ðàññìàòðè-
âàåìîé ïðèêëàäíîé çàäà÷å, ÷òî ïîçâîëÿåò èñïîëüçîâàòü ïðåä ëàãàåìûé ïîäõîä äëÿ àâòî-
ìàòè÷åñêîãî âîññòàíîâëåíèÿ ïðîïóùåííûõ äàííûõ íà äåôåêòî ãðàììå.

7 Çàêëþ÷åíèå
Â ðàìêàõ äàííîé ðàáîòû ïðåäëîæåí ïðèíöèï âîññòàíîâëåíèÿ ïð îïóùåííûõ äàííûõ

íà óëüòðàçâóêîâîé äåôåêòîãðàììå òåêóùåãî ïðîõîäà íà îñíîâ å àíàëèçà äåôåêòîãðàììû,
ïîëó÷åííîé ïðè ïðåäûäóùåì ïðîõîäå äåôåêòîñêîïîì ïî òîìó æå ó÷àñòêó ðåëüñîâîãî ïó-
òè, à èìåííî: íà îñíîâå ïîèñêà îïîðíûõ çîí áîëòîâûõ ñîåäèíåí èé íà äåôåêòîãðàììàõ
òåêóùåãî è çàòåì ïðåäûäóùåãî ïðîõîäîâ.

Äàííûé ïîäõîä ÿâëÿåòñÿ ðàçâèòèåì ïðåäëîæåííîãî ðàíåå [14] , äåëàÿ åãî áîëåå òî÷íûì
è ñóùåñòâåííî áîëåå ýôôåêòèâíûì ñ âû÷èñëèòåëüíîé òî÷êè çðå íèÿ.

Ïîâûøåíèå ýôôåêòèâíîñòè ñòàëî âîçìîæíûì áëàãîäàðÿ ïðèìåí åíèþ ðàçðàáîòàííîé
òðåõîêîííîé ìîäåëè çîíû áîëòîâîãî ñîåäèíåíèÿ è èäåíòèôèêà öèè ñ åå ïîìîùüþ çîíû
áîëòîâîãî ñîåäèíåíèÿ íå ïî ðåçóëüòàòàì ïàðíîãî âûðàâíèâàí èÿ, à íà îñíîâå àíàëèçà êî-
ëè÷åñòâà çàðåãèñòðèðîâàííûõ èìïóëüñîâ.

Ïðåäëîæåííàÿ òðåõîêîííàÿ ìîäåëü ïîçâîëÿåò îñóùåñòâèòü áû ñòðîå, óâåðåííîå, íî äî-
ñòàòî÷íî ãðóáîå îïðåäåëåíèå ìåñòîïîëîæåíèÿ çîíû áîëòîâîã î ñîåäèíåíèÿ. Äëÿ óòî÷íåíèÿ
êîîðäèíàò çîíû áîëòîâîãî ñîåäèíåíèÿ â ðàìêàõ äàííîé ðàáîòû ïðåäëîæåíà ëîêàëüíî-ãëî-
áàëüíàÿ ïðîöåäóðà ïàðíîãî âûðàâíèâàíèÿ ôðàãìåíòîâ äåôåêò îãðàìì, ñóùåñòâåííî îòëè-
÷àþùàÿñÿ îò òðàäèöèîííîé äëÿ ñèãíàëîâ ïðîöåäóðû ãëîáàëüíî ãî âûðàâíèâàíèÿ òåì, ÷òî
îðèåíòèðîâàíà èìåííî íà ïîèñê ìåñòîïîëîæåíèÿ êîðîòêîãî ôð àãìåíòà â äëèííîì, à íå
ïðîñòî íà âû÷èñëåíèå íåñõîäñòâà ñèãíàëîâ. Õîòÿ â äàííîì ñëó ÷àå òîæå ïðèìåíÿåòñÿ ïðî-
öåäóðà âûðàâíèâàíèÿ ôðàãìåíòîâ äåôåêòîãðàìì, ñëåäóåò îòì åòèòü, ÷òî îíà ïðèìåíÿåòñÿ
ëèøü îäíîêðàòíî äëÿ êàæäîé çîíû áîëòîâîãî ñîåäèíåíèÿ, ÷òî î áåñïå÷èâàåò ñóùåñòâåííî
á�îëüøóþ ýôôåêòèâíîñòü ïî ñðàâíåíèþ ñ [21].

Åùå áîëüøåãî ïîâûøåíèÿ ýôôåêòèâíîñòè ìîæíî äîñòè÷ü çà ñ÷åò ðàñïðîñòðàíåíèÿ
ïðèíöèïà áûñòðîé îïòèìèçàöèè êðèòåðèÿ ãëîáàëüíîãî âûðàâí èâàíèÿ [33, 34] íà ïðîöåäó-
ðó ëîêàëüíîãî âûðàâíèâàíèÿ, à òàêæå çà ñ÷åò ïðèâëå÷åíèÿ ñðåäñòâ ïàðàëëåëüíîé îáðàáîò-
êè äàííûõ. Â ÷àñòíîñòè, ñóùåñòâåííîãî ïîâûøåíèÿ ïðîèçâîäè òåëüíîñòè ìîæíî äîñòè÷ü,
îñóùåñòâèâ ïàðàëëåëüíîå âû÷èñëåíèå íåñõîäñòâà ýëåìåíòîâ äåôåêòîãðàìì. Êðîìå òîãî,
îòäåëüíûå ýòàïû ïðåäëîæåííîãî ïîäõîäà òàêæå îáåñïå÷èâàþò åñòåñòâåííóþ âîçìîæíîñòü
ïðèìåíåíèÿ ïàðàëëåëüíûõ âû÷èñëåíèé, íàïðèìåð îäíîâðåìåí íî ìîæåò âûïîëíÿòüñÿ ïî-
èñê ëåâîé è ïðàâîé îïîðíûõ çîí áîëòîâûõ ñîåäèíåíèé.

Äîñòèãíóòàÿ òî÷íîñòü îïðåäåëåíèÿ êîîðäèíàò èñêîìîé îáëàñ òè íà äåôåêòîãðàììå
ïðåäûäóùåãî ïðîõîäà ( 3;5 � 1;4) ÿâëÿåòñÿ àäåêâàòíîé ðàññìàòðèâàåìîé ïðèêëàäíîé çà-
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äà÷å, ÷òî ïîçâîëÿåò èñïîëüçîâàòü ïðåäëàãàåìûé ïîäõîä äëÿ à âòîìàòè÷åñêîãî âîññòàíîâ-
ëåíèÿ ïðîïóùåííûõ äàííûõ íà óëüòðàçâóêîâîé äåôåêòîãðàììå ðåëüñîâîãî ïóòè.
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Äàííûå, îïèñûâàþùèå èçìåíåíèÿ ïîëîæåíèÿ öåíòðîâ çðà÷êîâ â î âðåìåíè, íàçûâà-
þòñÿ îêóëîãðàììàìè. Àíàëèç îêóëîãðàìì ïîçâîëÿåò ñóäèòü î ô óíêöèîíàëüíîì ñîñòîÿ-
íèè îïðåäåëåííûõ îòäåëîâ ãîëîâíîãî ìîçãà, âîâëå÷åííûõ â ïð îöåññ ïðîãðàììèðîâàíèÿ
è ðåãóëÿöèè äâèæåíèé ãëàç. Äàííàÿ ñòàòüÿ ðàññìàòðèâàåò íîâûé âàðèàíò àâòîìàòèçàöèè
ïðîöåññà ðåãèñòðàöèè è ïîñëåäóþùåãî àíàëèçà ïðîèçâîëüíûõ è ñïðîâîöèðîâàííûõ äâè-
æåíèé ãëàç, ÷òî â îáùåì ñëó÷àå íàçûâàåòñÿ êîìïüþòåðíîé îêóë îãðàôèåé. Â îñíîâíîì,
ñèñòåìû êîìïüþòåðíîé îêóëîãðàôèè îïèðàþòñÿ íà àêòèâíîå èí ôðàêðàñíîå ñêàíèðîâà-
íèå ãëàç ïðè æåñòêîé ôèêñàöèè ãîëîâû, ÷òî ÿâëÿåòñÿ äîðîãîñò îÿùèì è íå äîñòóïíûì
äëÿ ïðîñòûõ ïîëüçîâàòåëåé. Îäíàêî áëàãîäàðÿ ðàçâèòèþ òåõí îëîãèé ðåãèñòðàöèè öèôðî-
âûõ èçîáðàæåíèé è îáùåìó ðîñòó âû÷èñëèòåëüíîé ìîùíîñòè ïåð ñîíàëüíûõ êîìïüþòåðîâ
è ïîðòàòèâíûõ óñòðîéñòâ ìåòîäû ïàññèâíîãî ñêàíèðîâàíèÿ èç îáðàæåíèé íà÷èíàþò íà-
áèðàòü ïîïóëÿðíîñòü. Ïðåäëàãàåìûé â äàííîé ñòàòüå ìåòîä ðà ññ÷èòàí íà èñïîëüçîâàíèå
âìåñòå ñî ñòàíäàðòíûìè öèôðîâûìè êàìåðàìè. Ìåòîä ìîæåò áûò ü ïðèìåíåí äëÿ ïîëó÷å-
íèÿ è àíàëèçà êà÷åñòâåííûõ îêóëîãðàìì íà îñíîâå âèäåîèçîáð àæåíèÿ, ïîëó÷åííîãî ñ ÷à-
ñòîòîé íå ìåíåå 30 êàäð/ñ.

Êëþ÷åâûå ñëîâà : îêóëîãðàôèÿ; ñàêêàäû; eyetracking; äèàãíîñòèêà; ÖÍÑ
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Automation method of computer oculoghaphy for research
of the central nervous system based on passive video analysis
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Data of changing pupil center position in time are called oculogram. The oculogram allows
to de�ne functional condition of the brain divisions involv ed in the programming process
and regulation of eye movements. This article describes newversion of registration automation
for process and subsequent analysis of arbitrary and provoked eye movements that in general
is called computer oculography. Basically, computer oculography relies on an active infrared
eye tracking by the rigid �xation of the head. Such methods are quite costly and unpopular
decision. However, due to development of digital images registration technologies and general
increase in computing power of personal computers and portable devices, the methods of pas-
sive scanning images start to gain popularity. The proposedmethod relies on standard digital
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cameras. This method can be applied to analyze qualitative oculogram based on video images
taken from at least 30 frame/s.
Keywords : oculography; saccade; eyetracking; diagnosis; CNS
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1 Ââåäåíèå
Âîçìîæíîñòü ïîçíàòü òàéíû ìîçãà ÷åðåç äâèæåíèÿ ãëàç ïðèâåë à íàó÷íóþ ìûñëü

ê íåîáõîäèìîñòè ðåãèñòðàöèè ãëàçîäâèãàòåëüíûõ ðåàêöèé. Í à÷èíàÿ ñ XIX â. áûëè ðàç-
ðàáîòàíû è ïðèìåíÿëèñü íà ïðàêòèêå ðàçëè÷íûå ìåòîäû çàïèñè äâèæåíèé ãëàç: ìåõàíè-
÷åñêèé ìåòîä, ìåòîä ýëåêòðîîêóëîãðàôèè, èíôðàêðàñíûé ìåò îä è, íàêîíåö, ìåòîä àíàëèçà
âèäåîèçîáðàæåíèÿ ãëàçà.

Èçâåñòíûå íà äàííûé ìîìåíò ìåòîäû ìîãóò ïîëíîñòüþ óäîâëåòâ îðèòü ðàçíîîáðàçíûå
ïîòðåáíîñòè èññëåäîâàòåëåé [1].

Èç-çà ñâîåé î÷åâèäíîé ïðîñòîòû â èñïîëüçîâàíèè, ñðàâíèòåë üíî ëåãêîé íàñòðîéêè
è îïîðå íà áûñòðî ðàçâèâàþùóþñÿ èíäóñòðèþ îïòè÷åñêèõ è ýëåê òðîííûõ óñòðîéñòâ îá-
ðàáîòêè èçîáðàæåíèé ìåòîäû êîìïüòåðíîé îêóëîãðàôèè, îñíî âàííûå íà âèäåîàíàëèçå,
ñòàíîâÿòñÿ íàèáîëåå ïîïóëÿðíûìè.

Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ íàèáîëåå äåøåâûé â ýêñïëóàòàöèè ìåòîä, ïîäðàçó-
ìåâàþùèé èñïîëüçîâàíèå ñòàíäàðòíîãî è øèðîêîäîñòóïíîãî î áîðóäîâàíèÿ îò âñòðîåííûõ
web-êàìåð ïåðåíîñíûõ ãàäæåòîâ äî ïîäêëþ÷àåìûõ ê ïåðñîíàëü íîìó êîìïüþòåðó âûñîêî-
ñêîðîñòíûõ óñòðîéñòâ ïîëó÷åíèÿ âèäåîèçîáðàæåíèÿ ÷åëîâå÷ åñêîãî ëèöà. Äàííûé ìåòîä
îñíîâàí íà âèäåîàíàëèçå èçîáðàæåíèÿ (ñðåäíåãî � 1280� 720 òî÷åê è íèçêîãî ðàçðåøå-
íèÿ � 640� 480òî÷åê) ëèöà ïàöèåíòà è íàöåëåí íà ýôôåêòèâíûé è òî÷íûé ïîèñê ïîëîæå-
íèÿ öåíòðîâ çðà÷êîâ. Ãëàçà ÷åëîâåêà ïîñòîÿííî ñîâåðøàþò ìå ëêèå äâèæåíèÿ, âçãëÿä ïå-
ðåñêàêèâàåò ñ îáúåêòà íà îáúåêò. Òàê ìîçã ñêàíèðóåò îêðóæàþùåå ïðîñòðàíñòâî, ñîçäàâàÿ
ïîñòîÿííî îáíîâëÿþùóþñÿ êàðòó ìèðà. Ýòè áûñòðûå äâèæåíèÿ ã ëàç, ïåðåâîäÿùèå âçîð
íà íîâûé îáúåêò èíòåðåñà, íàçûâàþòñÿ ñàêêàäàìè. Ñàêêàäè÷å ñêàÿ ñèñòåìà, îáúåäèíÿþ-
ùàÿ â ñåáå ðàçëè÷íûå ñòðóêòóðû ìîçãà, ó÷àñòâóþùèå â êîíòðîë å ñàêêàäè÷åñêèõ äâèæåíèé
ãëàç, ðàáîòàåò áåç ïîñòîÿííîãî îñîçíàííîãî êîíòðîëÿ [2].

Ïðåäëàãàåìûé ìåòîä ïðåäñòàâëÿåò ñîáîé ìíîãîóðîâíåâóþ ñõå ìó îáðàáîòêè è àíàëèçà
èçîáðàæåíèÿ ñ öåëüþ ïîñòðîåíèÿ ãðàôèêîâ äâèæåíèé ãëàç, íàç ûâàåìûõ îêóëîãðàììàìè.
Âèäåîðåãèñòðàöèÿ ãëàçîäâèãàòåëüíûõ ðåàêöèé îñóùåñòâëÿåòñÿ ïàðàëëåëüíî ñ äåìîíñòðà-
öèåé íà ýêðàíå çàðàíåå ïîäãîòîâëåííîé âèäåîïðåçåíòàöèè � ï îñëåäîâàòåëüíîñòè ñòèìó-
ëîâ � òî÷åê, ïîÿâëÿþùèõñÿ â ïåðåìåííîì òåìïå è â ðàçëè÷íûõ ìå ñòàõ.

2 Ïîñòàíîâêà çàäà÷è

2.1 Ñèíäðîì äåôèöèòà âíèìàíèÿ è ãèïåðàêòèâíîñòè

Ïðåäëàãàåìûé ìåòîä èçíà÷àëüíî áûë çàäóìàí êàê èíñòðóìåíò ä ëÿ èçó÷åíèÿ è äèàãíî-
ñòèêè cèíäðîìà äåôèöèòà âíèìàíèÿ è ãèïåðàêòèâíîñòè (ÑÄÂÃ) .

Äèàãíîñòèðîâàíèå ÑÄÂÃ îñíîâàíî íà ñðàâíåíèè èìåþùåéñÿ ñèì ïòîìàòè÷åñêîé êàð-
òèíû ñ äèàãíîñòè÷åñêèìè êðèòåðèÿìè ÌÊÁ-10 (ìåæäóíàðîäíîé êëàññèôèêàöèè áîëåçíåé
10-ãî ïåðåñìîòðà) è çàêëþ÷àåòñÿ â ñáîðå àíàìíåçà, îïðîñå è ò åñòèðîâàíèè ðîäèòåëåé [3, 4].
Äèàãíîç ÑÄÂÃ ñòàâèò íåâðîëîã, îïèðàÿñü íå íà ôèçèîëîãè÷åñê è îáóñëîâëåííûå ìåòîäû,
à òîëüêî ëèøü íà îïûò è íàáëþäåíèå.
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Ñóùåñòâóþùèå íà ñåãîäíÿøíèé äåíü ìåòîäû êîððåêöèè (áèîëîã è÷åñêàÿ îáðàòíàÿ
ñâÿçü, êîìïëåêñíàÿ ïîâåäåí÷åñêàÿ òåðàïèÿ) ïîçâîëÿþò íèâå ëèðîâàòü ïðîÿâëåíèÿ ýòîãî
ðàññòðîéñòâà íà ðàííåé ñòàäèè äî ìèíèìóìà, ÷òî âîçâðàùàåò ÷ åëîâåêó âîçìîæíîñòü ïîë-
íîöåííîé æèçíåäåÿòåëüíîñòè [5].

Ìíîãîëåòíèå ðàáîòû çàðóáåæíûõ è îòå÷åñòâåííûõ èññëåäîâàò åëåé [6�10] ïîçâîëèëè
âûÿâèòü ôóíêöèîíàëüíûå ñâÿçè ìåæäó îïðåäåëåííûìè ïàðàìåò ðàìè ñàêêàä, êîãíèòèâ-
íûìè ôóíêöèÿìè è òåìè èëè èíûìè ñòðóêòóðàìè ìîçãà.

Ðàçðàáàòûâàåìûé àâòîðàìè ìåòîä îñíîâàí íà ðåãèñòðàöèè îêó ëîãðàìì è àíàëèçå íàðó-
øåíèé â âûïîëíåíèè ãëàçîäâèãàòåëüíûõ ðåàêöèé, îïðåäåëÿåì ûõ ÷åðåç âû÷èñëåíèå òàêèõ
çíà÷åíèé, êàê âåëè÷èíà ëàòåíòíîãî ïåðèîäà ñàêêàäè÷åñêèõ ð åàêöèé, òî÷íîñòü âûïîëíåíèÿ
ñàêêàä, íàëè÷èå è ñòåïåíü âûðàæåííîñòè ñàêêàäè÷åñêèõ äâèæåíèé. Ýòî ïîçâîëÿåò îöå-
íèòü ôóíêöèîíàëüíîå ñîñòîÿíèå ñèñòåì ìîçãà, îáåñïå÷èâàþù èõ ðåàëèçàöèþ êîãíèòèâíûõ
ôóíêöèé, ñòðàäàþùèõ ïðè ÑÄÂÃ. Êëèíè÷åñêèå èññëåäîâàíèÿ, ï ðîâîäèìûå ñîòðóäíèêàìè
ëàáîðàòîðèè ôèçèîëîãèè ÷åëîâåêà è ðåãóëÿöèè êîãíèòèâíûõ ô óíêöèé ÁÔÓ èì. È. Êàí-
òà, ïîäòâåðæäàþò âîçìîæíîñòü ïðèìåíåíèÿ îêóëîãðàôè÷åñêî ãî òåñòèðîâàíèÿ â êà÷åñòâå
ôèçèîëîãè÷åñêè îáîñíîâàííîãî ýëåìåíòà äèàãíîñòèêè ïñèõî ïàòîëîãèé [11�13].

Íàêîïëåíèå áàçû ãëàçîäâèãàòåëüíûõ ïðîôèëåé ïî ðàçíûì îòêë îíåíèÿì ïîçâîëèò îñó-
ùåñòâëÿòü äèàãíîñòèêó ñîñòîÿíèÿ öåíòðàëüíîé íåðâíîé ñèñò åìû (ÖÍÑ) ïóòåì ñðàâíåíèÿ
ïàòòåðíîâ îêóëîãðàìì.

Òàêèì îáðàçîì, ñ ïîìîùüþ âèäåîîêóëîãðàôèè ñóùåñòâóåò âîçì îæíîñòü èññëåäîâàòü
ôóíêöèîíàëüíîå ñîñòîÿíèå ìîçãà ÷åëîâåêà áåç íåïîñðåäñòâå ííîãî ôèçè÷åñêîãî êîíòàêòà
(ðèñ. 1 è 2). Èíòåãðàöèÿ âèäåîîêóëîãðàôè÷åñêîé ìåòîäèêè ñ ñ îâðåìåííûìè ìàòåìàòè÷å-

Ðèñ. 1 Âèäåîîêóëîãðàììà ðåáåíêà áåç ÑÄÂÃ, âîçðàñò 6 ëåò: ãîðèçîíòàë üíàÿ îñü � âðåìåíí�àÿ ðàç-
âåðñòêà (öåíà äåëåíèÿ 20 ìñ), âåðòèêàëüíàÿ îñü � àìïëèòóäà ä âèæåíèé ãëàç (ïèêñåëü), äâà ãðàôè-
êà îïèñûâàþò ïåðåìåùåíèÿ öåíòðà îäíîãî ãëàçà ïî îñÿì X è Y â êîîðäèíàòàõ âèäåîèçîáðàæåíèÿ

Ðèñ. 2 Âèäåîîêóëîãðàììà ðåáåíêà ñ ÑÄÂÃ, âîçðàñò 6 ëåò: ãîðèçîíòàëüí àÿ îñü � âðåìåíí�àÿ ðàç-
âåðñòêà (öåíà äåëåíèÿ 20 ìñ), âåðòèêàëüíàÿ îñü � àìïëèòóäà ä âèæåíèé ãëàç (ïèêñåëü)
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ñêèìè ìåòîäàìè îáðàáîòêè âèäåîïîòîêà è àíàëèçà äàííûõ ïðåä îñòàâëÿåò óäîáíûé èíñòðó-
ìåíò äëÿ äèàãíîñòèêè ðÿäà íåéðîïàòîëîãèé, íàïðèìåð ÑÄÂÃ.

3 Ðåøåíèå
Â ïðàêòè÷åñêîé ðåàëèçàöèè îáðàáîòêà è àíàëèç âèäåîçàïèñè âûçâàííûõ äâèæåíèé ãëàç

ñîñòîèò èç äâóõ îñíîâíûõ ýòàïîâ � ýòî òåñò-ïðåçåíòàöèÿ ñòèì óëüíîãî ìàòåðèàëà è àíàëèç
ìàòåðèàëîâ âèäåîôèêñàöèè.

3.1 Ïîñòðîåíèå òåñò-ïðåçåíòàöèè

Äëÿ ðåøåíèÿ çàäà÷è ðåãèñòðàöèè ãëàçîäâèãàòåëüíûõ ðåàêöèéèñïûòóåìîãî ïðè îò-
ñëåæèâàíèè ïðåäúÿâëÿåìûõ çðèòåëüíûõ ñòèìóëîâ àâòîðû ðàçð àáîòàëè ñèñòåìó ïðîåêòè-
ðîâàíèÿ âèäåîïðåçåíòàöèé ñ ïñåâäîñëó÷àéíûì âîçíèêíîâåíè åì çðèòåëüíûõ ñòèìóëîâ �
ïðåçåíòàöèîííûõ òî÷åê.

Âèäåîïðåçåíòàöèÿ ñîñòîèò èç ïîÿâëåíèÿ, äâèæåíèÿ (åñëè çàä àí ñîîòâåòñòâóþùèé ïà-
ðàìåòð) è èñ÷åçíîâåíèÿ ïðåçåíòàöèîííûõ òî÷åê íà êâàäðàòíî é îáëàñòè ýêðàíà.

Îãðàíè÷èâàÿ êîëè÷åñòâî ðàñïîëîæåíèé ïðåçåíòàöèîííûõ òî÷ åê äî ïÿòè (S, W, E, N, C),
ïîëó÷àåì êîíå÷íîå ÷èñëî âîçìîæíûõ êîìáèíàöèé ïîÿâëåíèé è è ñ÷åçíîâåíèé. Òàêèì îá-
ðàçîì, íå òîëüêî óïðîùàåòñÿ ñîçäàíèå âèäåîïðåçåíòàöèè, íî è óìåíüøàåòñÿ êîëè÷åñòâî
áàçîâûõ äâèæåíèé ãëàç äî 25, ÷òî ïîçâîëèò áûñòðî è îáúåêòèâí î ñðàâíèâàòü äàííûå ðàç-
íûõ èññëåäîâàíèé, ïðîâåäåííûõ ðàçëè÷íûìè ñïåöèàëèñòàìè.

Äëÿ ïðîâåäåíèÿ èñïûòàíèé ñïåöèàëèñò ìîæåò èñïîëüçîâàòü îä íó èç âêëþ÷åííûõ â ñèñ-
òåìó òåñò-ïðåçåíòàöèé èëè ñîçäàòü ñîáñòâåííóþ.

Îäíîâðåìåííî ñ ïðåäúÿâëåíèåì ñòèìóëüíîãî ìàòåðèàëà òîé æå ìàøèíîé â ïàðàëëåëü-
íîì ïîòîêå ïðîèçâîäèòñÿ âèäåîçàïèñü ëèöà èñïûòóåìîãî.

3.2 Ïðåäâàðèòåëüíàÿ ïîäãîòîâêà èçîáðàæåíèÿ

×òîáû íèâåëèðîâàòü âëèÿíèå âíåøíèõ ôàêòîðîâ íà ðåçóëüòàòû èñïûòàíèé, íåîáõî-
äèìî ïðîâåñòè íåêîòîðóþ ïîäãîòîâêó âèäåîçàïèñè ëèöà èñïûò óåìîãî, ïîëó÷åííîé â õîäå
ïðîñìîòðà èì òåñò-ïðåçåíòàöèè.

Îñíîâíàÿ çàäà÷à, êîòîðàÿ ñòîèò ïåðåä èññëåäîâàòåëÿìè, � ýò î íàõîæäåíèå îáëàñòè
ëèöà, ãëàç è öåíòðîâ çðà÷êîâ. Íà ýòàïå ïðåäâàðèòåëüíîé îáðà áîòêè íåîáõîäèìî ñäåëàòü
ýòè îáëàñòè êàê ìîæíî áîëåå ÷åòêî ðàçëè÷èìûìè, à ñàìî èçîáðà æåíèå êàê ìîæíî áîëåå
¾÷èñòûì¿.

Â îáùåì ñëó÷àå îñíîâíîé ïðîáëåìîé âèäåîïîòîêà, ñíÿòîãî îáû ÷íîé êàìåðîé, ÿâëÿåòñÿ
íàëè÷èå íà èçîáðàæåíèè ¾øóìà¿, ñâÿçàííîãî êàê ñ âíóòðåííèì è ôàêòîðàìè � âûñîêîé
òåìïåðàòóðîé ñâåòî÷óâñòâèòåëüíîé ìàòðèöû, òàê è ñ âíåøíèì è � ïëîõîé, íåðàâíîìåðíîé
îñâåùåííîñòüþ îáúåêòà. Ïîýòîìó ïåðâîå, ÷òî íóæíî ñäåëàòü, � ýòî èçáàâèòüñÿ îò øóìà.
Â ðàññìàòðèâàåìîì ñëó÷àå ëó÷øå âñåãî ðàáîòàåò Ãàóññîâñêîåðàçìûòèå.

Íà âòîðîì ýòàïå ïðîâîäÿò êîððåêöèþ îñâåùåííîñòè îáúåêòà íà ýêðàíå ìåòîäîì íà-
ëîæåíèÿ ¾ïóñòîãî¿ èçîáðàæåíèÿ (ðèñ. 3). ¾Ïóñòîå¿ èçîáðàæåíèå ñòðîèòñÿ ïóòåì ðàñ÷åòà
ëèíåéíîé ðåãðåññèè ÿðêîñòè ïèêñåëåé ïî îáåèì îñÿì. Ìåòîä ëè íåéíîé ðåãðåññèè ÿâëÿåòñÿ
íàèáîëåå áûñòðûì äëÿ ïðèìåíåíèÿ â ðåàëüíîì âðåìåíè. Â õîäå ñ îáñòâåííûõ ýêñïåðèìåí-
òîâ âûÿñíèëîñü, ÷òî åãî ïðèìåíåíèå óëó÷øàåò ðåçóëüòàò ïîèñ êà çðà÷êîâ îò 5% äî 15%
â çàâèñèìîñòè îò óðîâíÿ íåðàâíîìåðíîñòè îñâåùåíèÿ ëèöà íà è çîáðàæåíèè. Îïèñàíèå
ìåðû òî÷íîñòè íàõîäèòñÿ â ï. 3.4.

Òàêèì îáðàçîì àâòîðû ïûòàþòñÿ äîáèòüñÿ êàê ìîæíî áîëåå âûñî êîãî êà÷åñòâà èçîá-
ðàæåíèÿ è íàèáîëåå îò÷åòëèâîãî âûäåëåíèÿ íåîáõîäèìûõ îáëà ñòåé áåç ïîòåðè òî÷íîñòè
ïåðåäà÷è èíôîðìàöèè.
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Ðèñ. 3 Êîððåêöèÿ îñâåùåííîñòè ïóòåì íàëîæåíèÿ ¾ïóñòîãî¿ èçîáðàæ åíèÿ

3.3 Îïðåäåëåíèå ïîëîæåíèÿ ëèöà
Ïîñëå ïîäãîòîâêè èçîáðàæåíèÿ ìîæíî ïðèñòóïàòü ê ïîèñêó ïîë îæåíèÿ ëèöà â êàäðå.

Äëÿ ýòîãî èñïîëüçóåì ìåòîä, îñíîâàííûé íà èçâåñòíûõ êàñêàä àõ êëàññèôèêàòîðîâ Õà-
àðà [14].

Êàñêàä Õààðà ïðåäñòàâëÿåò ñîáîé íåêîòîðûé íàáîð ïðèìèòèâî â, äëÿ êàæäîãî èç êî-
òîðûõ ñ÷èòàåòñÿ åãî ñâåðòêà ñ èçîáðàæåíèåì. Ïîë Âèîëà è Ìàéê ë Äæîíñ ïðè ñîçäàíèè
ñâîåãî ìåòîäà Âèîëû�Äæîíñà óñîâåðøåíñòâîâàëè è àäàïòèðîâ àëè èäåþ èñïîëüçîâàíèÿ
âåéâëåòîâ Õààðà â ñâîèõ àëãîðèòìàõ.

Íà äàííîì ýòàïå ðàçðàáîòêè ñèñòåìû èñïîëüçóåì ñòàíäàðòíóþ âûáîðêó êëàññèôè-
êàòîðîâ. Îäíàêî â áóäóùåì íåîáõîäèìî áóäåò ñîçäàòü ñîáñòâå ííóþ áèáëèîòåêó ñ ó÷åòîì
ðåàëüíûõ óñëîâèé, â êîòîðûõ áóäåò ýêñïëóàòèðîâàòüñÿ ïðåäñòàâëåííàÿ ñèñòåìà. Ïðè òùà-
òåëüíîì ïîäõîäå ê ñîçäàíèþ ñîáñòâåííîé âûáîðêè êëàññèôèêà òîðîâ ìîæíî äîáèòüñÿ âû-
ñîêîé ýôôåêòèâíîñòè îïðåäåëåíèÿ ïîëîæåíèÿ ëèöà � äî 95% � ïðè ÷àñòîòå ëîæíûõ
ñðàáàòûâàíèé îêîëî 0,001.

3.4 Îïðåäåëåíèå öåíòðîâ çðà÷êîâ
Ïîñëå òîãî êàê îïðåäåëåíî ïîëîæåíèå ëèöà â êàäðå, ìîæíî ïðèñ òóïàòü ê ïîèñêó ñàìîãî

çðà÷êà èñïûòóåìîãî. Íî ïðåæäå íóæíî âûäåëèòü îáëàñòè åãî ãë àç (ðèñ. 4). Äëÿ ýòîãî èñ-
ïîëüçóåì ïðîñòîé ýìïèðè÷åñêèé ïîäõîä, äîïóñêàÿ, ÷òî ìåñòî ïîëîæåíèå ãëàç îòíîñèòåëüíî
öåíòðà ëèöà ó âñåõ ëþäåé ïðèìåðíî îäèíàêîâî.

Äàëåå â êà÷åñòâå èçîáðàæåíèÿ áóäåì èñïîëüçîâàòü îáëàñòü ïðàâîãî èëè ëåâîãî ãëàçà.
Ðàññìîòðèì èçîáðàæåíèå ãëàçà êàê äâóìåðíóþ ìàòðèöó ÷èñåë, ãäå êàæäîå ÷èñëî ñîîòâåò-
ñòâóåò çíà÷åíèþ ÿðêîñòè îäíîãî èç ýëåìåíòîâ èçîáðàæåíèÿ (ï èêñåëà). Èçâåñòíî, ÷òî ãåî-

Ðèñ. 4 Ýìïèðè÷åñêîå îïðåäåëåíèå îáëàñòè ãëàç
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Òàáëèöà 1 Ñðàâíåíèå ýôôåêòèâíîñòè ñóùåñòâóþùèõ ìåòîäîâ îïðåäåëåíè ÿ ïîëîæåíèÿ ãëàç íà
ïðèìåðå îáùåäîñòóïíîé áàçû îáðàçöîâ ëèö BioID (BioID Face Dat abase)

Ìåòîä e 6 0;05 e 6 0;10 e 6 0;15 e 6 0;20 e 6 0;25

Asadifard, 2010 47;0% 86;0% 89;0% 93;0% 96;0%
Valenti è Gevers, 2008 72;2% 82;1% 86;2% 93;8% 96;4%
Turkan, 2007 18;6% 73;7% 94;2% 98;7% 99;6%
Campadelli, 2006 62;0% 85;2% 87;6% 91;6% 96;1%
Niu, 2006 75;0% 93;0% 95;8% 96;4% 97;0%
Asteriadis, 2006 44;0% 81;7% 92;6% 96;0% 97;4%
Hamouz, 2005 58;6% 75;0% 80;8% 87;6% 91;0%
Jesorsky, 2001 38;0% 78;8% 84;7% 87;2% 91;8%
Ìåòîä àâòîðîâ 81;0% 92;5% 94;7% 96;6% 98;0%

ìåòðè÷åñêèé öåíòð êðóãëûõ îáúåêòîâ ìîæåò áûòü îïðåäåëåí ÷å ðåç àíàëèç âåêòîðíîãî
ïîëÿ ãðàäèåíòîâ ìàòðèöû èçîáðàæåíèÿ. Ïðèìåíåíèå äàííîãî ï ðèíöèïà áûëî ïðåäëîæåíî
äëÿ îïðåäåëåíèÿ öåíòðîâ çðà÷êîâ ñ ó÷åòîì ôàêòà çíà÷èòåëüíî ãî êîíòðàñòà, âîçíèêàþùåãî
íà ïåðåõîäå ìåæäó ñêëåðîé è çðà÷êîì ãëàçà [15]. Òàêèì îáðàçî ì èñïîëüçóåòñÿ îðèåíòà-
öèÿ êàæäîãî âåêòîðà ãðàäèåíòà, ÷òîáû íàðèñîâàòü ëèíèè ÷åðåç âñå èçîáðàæåíèå, òî÷êè
ïåðåñå÷åíèÿ ýòèõ ëèíèé ïîäñ÷èòûâàþòñÿ è àêêóìóëèðóþòñÿ â ñ÷åò÷èêàõ, ñâÿçàííûõ ñ ñî-
îòâåòñòâóþùèìè òî÷êàìè èçîáðàæåíèÿ. Ñ÷åò÷èê, íàáðàâøèé ì àêñèìàëüíîå êîëè÷åñòâî
ïåðåñå÷åíèé âåêòîðîâ, ñîîòâåòñòâóåò öåíòðó ãëàçà íà èçîáðàæåíèè.

Íà ïðàêòèêå äëÿ ïîëó÷åíèÿ ãðàäèåíòíîãî èçîáðàæåíèÿ ìîæíî è ñïîëüçîâàòü ôèëüòð
Ñîáåëÿ. Â êàæäîé òî÷êå èçîáðàæåíèÿ ðåçóëüòàòîì îïåðàòîðà Ñ îáåëÿ ÿâëÿåòñÿ ëèáî ñîîò-
âåòñòâóþùèé âåêòîð ãðàäèåíòà, ëèáî íîðìà ýòîãî âåêòîðà.

Â êà÷åñòâå ìåðû òî÷íîñòè ìåòîäà îïðåäåëåíèÿ öåíòðîâ ãëàç îö åíèâàþò íîðìàëèçî-
âàííóþ îøèáêó, êîòîðàÿ óêàçûâàåò íà ìàêñèìàëüíóþ èç äâóõ ïî ãðåøíîñòåé, ïîëó÷åííûõ
äëÿ îáîèõ ãëàç. Ýòà ìåðà áûëà ââåäåíà Åñîðñêèì [16] è îïðåäåë ÿåòñÿ êàê

e 6
1
d

maxf el ; er g;

ãäå el , er � äèñòàíöèè ìåæäó íàéäåííûìè è êîððåêòíûìè öåíòðàìè ëåâîãî è ïðàâîãî
ãëàç. Ïðè àíàëèçå êà÷åñòâà ìåòîäà ïîèñêà ãëàç äàííàÿ ìåðà äî ëæíà èìåòü ñëåäóþùèå
õàðàêòåðèñòèêè:

(1) e 6 0;25 � ðàññòîÿíèå ìåæäó öåíòðîì è áîêîâûìè êðàÿìè ãëàçà;
(2) e 6 0;10 � âíåøíèé äèàìåòð ðàäóæêè;
(3) e 6 0;05 � äèàìåòð çðà÷êà.

Òàêèì îáðàçîì, ìåòîä ïîèñêà ãëàç äîëæåí îáåñïå÷èâàòü êà÷åñ òâåííûé ðåçóëüòàò íà óðîâíå
e 6 0;05. Îøèáêà íà óðîâíå 0,25 è áîëåå ìîæåò ïðèâåñòè ê îòêëîíåíèþ íà éäåííîãî
çðà÷êà çà ïðåäåëàìè ðåàëüíîãî ãëàçà, ÷òî íåäîïóñòèìî äëÿ êà ÷åñòâåííîãî îïðåäåëåíèÿ
öåíòðîâ ãëàç. Ïîýòîìó ïðè ñðàâíåíèè ñ ñóùåñòâóþùèìè ìåòîäà ìè áóäåì îðèåíòèðîâàòüñÿ
íà ðåçóëüòàòû ñ îøèáêîé e � 0;25 (òàáë. 1).

Äàííûé àëãîðèòì õîðîøî ïîäõîäèò äëÿ îïðåäåëåíèÿ ïîëîæåíèÿ çðà÷êà â îòäåëüíîì
êàäðå, îäíàêî åñëè ðå÷ü èäåò îá îáðàáîòêå âèäåîïîòîêà, òî òà êîå ðåøåíèå ÿâëÿåòñÿ äî-
ñòàòî÷íî çàòðàòíûì è íåäîñòàòî÷íî ñòàáèëüíûì, ïîýòîìó äëÿ óëó÷øåíèÿ ðåçóëüòàòèâíî-
ñòè èñïîëüçóåì îïèñàííûé ìåòîä â êîìáèíàöèè ñ äîïîëíèòåëüí ûì ìåòîäîì ïîêàäðîâî-
ãî îòñëåæèâàíèÿ ïåðåìåùåíèé óêàçàííîãî îáúåêòà. Ñóòü èñïî ëüçîâàíèÿ ìåòîäà ñîñòîèò
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â òîì, ÷òî ïîñëå ïîëó÷åíèÿ óñòîé÷èâîé ïîçèöèè öåíòðà çðà÷êà â îäíîì êàäðå (íàêîï-
ëåííàÿ îøèáêà ìåæäó ïðåäûäóùèìè 5 êàäðàìè ecom 6 0;25) âñå ïîñëåäóþùèå êàäðû
áóäóò ïðîàíàëèçèðîâàíû íà ïðåäìåò ïåðåìåùåíèÿ çàäàííîãî î áúåêòà (çðà÷êà) àâòîðñêèì
ìåòîäîì Íîâèêîâà�Ïàäàëêî, ÷òî çíà÷èòåëüíî ïîâûøàåò ñòàáè ëüíîñòü ðàáîòû àéòðåêå-
ðà è óâåëè÷èâàåò åãî áûñòðîäåéñòâèå. Àâòîðñêèé ìåòîä Íîâèêîâà�Ïàäàëêî ðàçðàáîòàí
äëÿ îòñëåæèâàíèÿ ëþáîãî çàäàííîãî îáúåêòà â âèäåîïîòîêå. Ä àííûé ìåòîä ðåàëèçóåò íî-
âûé ïîäõîä ê çàäà÷å ðàñïîçíàâàíèÿ îáðàçîâ è îñíîâûâàåòñÿ íà ïðèìåíåíèè êîìáèíàöèè
êëàññè÷åñêèõ ìåòîäîâ ïðÿìîãî ïðåîáðàçîâàíèÿ Ðàäîíà ê ìàòð èöå èçîáðàæåíèÿ, îäíîìåð-
íîãî ïðåîáðàçîâàíèÿ Ôóðüå ê ïîëó÷åííûì èíòåãðàëüíûì ïðîåê öèÿì è ñòàòèñòè÷åñêîãî
àíàëèçà èíòåãðàëüíûõ êîýôôèöèåíòîâ Ôóðüå, ðàññìàòðèâàåì ûõ â êà÷åñòâå îñíîâíûõ äå-
ñêðèïòîðîâ îáúåêòîâ èçîáðàæåíèÿ.

3.5 Ïîñòðîåíèå è àíàëèç îêóëîãðàìì

Äëÿ ïîñòðîåíèÿ îêóëîãðàììû íåîáõîäèìî ñåêâåíèðîâàòü ïîëó ÷åííóþ âèäåîçàïèñü
è äëÿ êàæäîãî êàäðà âûïîëíèòü ñëåäóþùèé àëãîðèòì:

(1) íàéòè çðà÷îê ëåâîãî ãëàçà (ñì. ï. 3.4);
(2) íàéòè çðà÷îê ïðàâîãî ãëàçà (àíàëîãè÷íî);
(3) îïðåäåëèòü òî÷êó îòñ÷åòà äâèæåíèÿ ãëàç íà èçîáðàæåíèè � â äàííîì ñëó÷àå öåí-

òðàëüíîé òî÷êîé îòñ÷åòà ìîæíî ñ÷èòàòü ñåðåäèíó äåòåêòèðîâ àííîãî ïðÿìîóãîëüíèêà
ëèöà (ðèñ. 5);

Ðèñ. 5 Íàéäåííûå çðà÷êè è öåíòð êàäðà

(4) ðàññ÷èòàòü ðàññòîÿíèå ìåæäó öåíòðàëüíîé ñòàòè÷íîé òî÷êîé è öåíòðîì ëåâîãî ãëàçà;
(5) ðàññ÷èòàòü ðàññòîÿíèå ìåæäó öåíòðàëüíîé ñòàòè÷íîé òî÷êîé è öåíòðîì ïðàâîãî ãëàçà.

Ïîñëå âûïîëíåíèÿ äàííîãî àëãîðèòìà äëÿ êàæäîãî êàäðà ïîëó÷ àåì îêóëîãðàììó
(ñì. ðèñ. 1), îïèñûâàþùóþ ãîðèçîíòàëüíûå è âåðòèêàëüíûå ïå ðåìåùåíèÿ öåíòðà çðà÷-
êà èñïûòóåìîãî.

Ïîñëåäóþùèé îáúåêòèâíûé àíàëèç îêóëîãðàììû ÿâëÿåòñÿ çàâå ðøàþùèì ýòàïîì. Ñïå-
öèàëèñò (èññëåäîâàòåëü èëè ìåäèê) ñìîæåò âûÿâèòü çàáîëåâàíèå, ñâÿçàííîå ñ íàðóøåíè-
åì ôóíêöèé ÖÍÑ, ïî ñëåäóþùèì êëþ÷åâûì ïàðàìåòðàì: ëàòåíòíû é ïåðèîä ñàêêàäû,
äèñìåòðè÷íàÿ ñàêêàäà, ãèïåðìåòðè÷íàÿ ñàêêàäà, ãèïîìåòðè ÷íàÿ ñàêêàäà, êîððåêöèîííàÿ
ñàêêàäà, ëàòåíòíûé ïåðèîä êîððåêöèîííîé ñàêêàäû, ìóëüòèñ àêêàäà, äðåéô. Â íàñòîÿùèé
ìîìåíò óæå ñîáðàíû íåêîòîðûå ýêñïåðèìåíòàëüíûå äàííûå, ïî äòâåðæäàþùèå ýòó ãèïî-
òåçó [11, 12]. Îñíîâíîé öåëüþ ðàçðàáîòêè îïèñûâàåìîãî ìåòî äà ÿâëÿåòñÿ ñèñòåìíîå íàêîï-
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ëåíèå áàçû ñòàòèñòè÷åñêèõ äàííûõ ðåçóëüòàòîâ ñîîòâåòñòâóþùèõ èññëåäîâàíèé, ïîäòâåð-
æäàþùèõ êîíöåïöèþ ïðÿìîé çàâèñèìîñòè ãëàçîäâèãàòåëüíûõ ð åàêöèé ÷åëîâåêà îò ñîñòî-
ÿíèÿ åãî ÖÍÑ.

3.6 Ïåðñïåêòèâû

Äàííûé ìåòîä àíàëèçà ïîëó÷åííûõ îêóëîãðàìì èìååò õîðîøèå ï åðñïåêòèâû. Âèäåî-
êàìåðû, øèðîêî ðàñïðîñòðàíåííûå è èñïîëüçóåìûå â ñîâðåìåí íûõ íîóòáóêàõ, ïëàíøåòàõ
è òåëåôîíàõ, äàþò ÷àñòîòó ãåíåðàöèè îêîëî 30 êàäð/ñ. Äàííîã î êîëè÷åñòâà äîñòàòî÷-
íî äëÿ ïîñòðîåíèÿ îêóëîãðàìì è îáúåêòèâíîãî ñòàòèñòè÷åñêî ãî àíàëèçà. Íî ïðè ÷àñòîòå
> 50 êàäð/ñ îòêðûâàåòñÿ áîëüøîé ñïåêòð äîïîëíèòåëüíûõ âîçìîæí îñòåé. Íàïðèìåð, ñòà-
íîâèòñÿ äîñòóïíà ðåãèñòðàöèÿ ìèêðîäâèæåíèé ãëàç.

Ðàçëè÷íûé ïåðå÷åíü õàðàêòåðèñòèê ãëàçîäâèãàòåëüíûõ ðåàêöèé çàâèñèò è îò ñèþìè-
íóòíîãî ïñèõè÷åñêîãî ñîñòîÿíèÿ ÷åëîâåêà. Àëêîãîëü, ïñèõî òðîïíûå è íàðêîòè÷åñêèå âå-
ùåñòâà, óñòàëîñòü ïî-ðàçíîìó îòðàæàþòñÿ íà õàðàêòåðèñòèêàõ ñàêêàäè÷åñêîé àêòèâíîñòè,
÷òî ïîçâîëÿåò èäåíòèôèöèðîâàòü òåêóùåå ñîñòîÿíèå ÖÍÑ èññë åäóåìîãî ïàöèåíòà [8].

4 Çàêëþ÷åíèå
Ïðåäñòàâëåííûé ìåòîä àâòîìàòè÷åñêîãî âû÷èñëåíèÿ è àíàëèç à îêóëîãðàì ïðåäíàçíà-

÷åí äëÿ èññëåäîâàíèÿ ñîñòîÿíèÿ ÖÍÑ. Ìåòîä îïèðàåòñÿ íà ïàññ èâíûé âèäåîàíàëèç è íàöå-
ëåí íà ìàññîâîå âíåäðåíèå è ïîâñåìåñòíîå èñïîëüçîâàíèå êàê íà óðîâíå ïðîôåññèîíàëüíî-
ãî ìåäèöèíñêîãî è íàó÷íî-èññëåäîâàòåëüñêîãî èíñòðóìåíòà , òàê è íà óðîâíå ïîâñåäíåâíîé
ïðîâåðêè ñîñòîÿíèÿ ÷åëîâåêà.
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Ìåòîä áûñòðîãî ñæàòèÿ èçîáðàæåíèé áåç ïîòåðü
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Ïðåäëîæåí ìåòîä ñæàòèÿ öèôðîâûõ èçîáðàæåíèé, îòëè÷àþùèéñ ÿ ïðîñòîòîé ðåàëè-
çàöèè è îòñóòñòâèåì âû÷èñëèòåëüíûõ îïåðàöèé íà ýòàïå ïðåäñ êàçàíèÿ. Ìåòîä âêëþ÷àåò
ïðîöåäóðó ïðåäñêàçàíèÿ ïèêñåëîâ èçîáðàæåíèÿ íà îñíîâå òåî ðèè óñëîâíûõ ìàðêîâêèõ
ïðîöåññîâ è ïðîöåäóðó êîäèðîâàíèÿ. Ïðåäñòàâëåíû ðåçóëüòà òû àïðîáàöèè àëãîðèòìà íà
ðåàëüíûõ èçîáðàæåíèÿõ ðàçëè÷íûõ êëàññîâ.

Êëþ÷åâûå ñëîâà : öåïü Ìàðêîâà; öèôðîâîå èçîáðàæåíèå; ìåòîä ñæàòèÿ; àëãîðèò ì
ïðåäñêàçàíèÿ
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Fast lossless image compression method
E. P. Petrov, N. L. Kharina, and P. N. Sukhikh
Vyatka State University, 36 Moskovskaya st., Kirov, Russia

A suggested digital image compression method is characterized by simplicity of implementation
and the lack of computing operations at the stage of prediction.
Background : Miniature space watch facilities (small satellites) cannot provide a continuous
data transmission because of the severely constrained requirements for energy resources usage
e�ciency that produces the necessity of new energy e�cient low-cost digital images compres-
sion methods, which would not be inferior to the known multidigit digital images compression
methods with high resolution but surpass them.
Methods : The algorithm consists of the following procedures, splitting the digital images
into binary images, predicting of each element of binary images being based on the theory of
the conditional Markov processes with discrete states, andcoding using any known algorithm
(here, Hu�man method is used).
Results : To prove the e�ciency of the proposed method, the compression of the Earth surface
space pictures (group A) and photos (group B) is done. In eachgroupm, there were 50 one-
type images. The known lossless compression algorithms such as PNG, JPEG-LS, JPEG 2000,
BMF, Qlic, and ImageZero, are used as analogs. The obtained research results indicate that
the proposed method performance and compression ratio comparable with analogues.
Concluding Remarks : The suggested method has the following advantages: the capability
of simultaneous binary images processing, the capability of digital images processing with digit
capacity, and the lack of computational operations.
Keywords : Markov chain; digital image; compression method; prediction algorithm
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1 Ââåäåíèå
Â íàñòîÿùåå âðåìÿ èñïîëüçîâàíèå öèôðîâûõ èçîáðàæåíèé â ðàç ëè÷íûõ ñôåðàõ äå-

ÿòåëüíîñòè, òàêèõ êàê ìåäèöèíà, ãåîäåçèÿ, êàðòîãðàôèÿ, ñèñòåìû ìîíèòîðèíãà è ò. ï.,

Ìàøèííîå îáó÷åíèå è àíàëèç äàííûõ, 2015. Ò. 1, •12.
Machine Learning and Data Analysis, 2015. Vol. 1 (12).
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ïðèâåëî ê íåîáõîäèìîñòè èñïîëüçîâàíèÿ ðàçëè÷íûõ ìåòîäîâ ñ æàòèÿ èçîáðàæåíèé. Ñóùå-
ñòâóþùèå ìåòîäû ñæàòèÿ, òàêèå êàê JPEG-LS, JPEG2000, óñïåøíî ñïðàâëÿþòñÿ ñ ýòîé
çàäà÷åé [1, 2]. Îäíàêî ñóùåñòâóåò ðÿä ïðèëîæåíèé, ãäå èñïîë üçîâàíèå ýòèõ ìåòîäîâ íå
âñåãäà âîçìîæíî èç-çà îãðàíè÷åíèé íà âû÷èñëèòåëüíûå è ýíåð ãåòè÷åñêèå ðåñóðñû, íà-
ïðèìåð ñèñòåìû äèñòàíöèîííîãî çîíäèðîâàíèÿ Çåìëè, ôîðìèð óþùèå íà áîðòó êîñìè÷å-
ñêîãî àïïàðàòà îãðîìíûå îáúåìû èíôîðìàöèîííûõ ïîòîêîâ, çí à÷èòåëüíàÿ ÷àñòü êîòîðûõ
ñâÿçàíà ñ ïåðåäà÷åé èçîáðàæåíèé. Â íàñòîÿùåå âðåìÿ äëÿ êîäè ðîâàíèÿ èçîáðàæåíèé èñ-
ïîëüçóþòñÿ ðàçëè÷íûå àëãîðèòìû, áàçèðóþùèåñÿ íà ñëåäóþùè õ îñíîâíûõ ìåòîäàõ: BTC
(block trancation coding � óñå÷åííîå áëî÷íîå êîäèðîâàíèå) , ÄÈÊÌ (äèôôåðåíöèàëüíàÿ
èìïóëüñíî-êîäîâàÿ ìîäóëÿöèÿ), DCT (discrete cosine trans form � äèñêðåòíîå êîñèíóñ-
íîå ïðåîáðàçîâàíèå), DWT (discrete wavelet transform � äèñ êðåòíîå âåéâëåò-ïðåîáðàçî-
âàíèå) [1, 2].

Íåîáõîäèìîñòü ñæàòèÿ íà áîðòó êîñìè÷åñêîãî àïïàðàòà èçîáð àæåíèé îáóñëîâëåíà ðîñ-
òîì ãåíåðèðóåìûõ ñîâðåìåííûìè êîñìè÷åñêèìè ñèñòåìàìè äèñ òàíöèîííîãî çîíäèðîâàíèÿ
èíôîðìàöèîííûõ ïîòîêîâ (äî íåñêîëüêèõ ñîòåí ìåãàáèò â ñåêó íäó). Ýòî ñâÿçàíî ñ óâåëè-
÷åíèåì êàê ïðîñòðàíñòâåííîãî, òàê è ñïåêòðàëüíîãî ðàçðåøå íèÿ ñúåìî÷íîé àïïàðàòóðû
ïðè ñîõðàíåíèè øèðîêîé ïîëîñû îáçîðà, ñðàâíèòåëüíî íåâûñî êîé ïðîïóñêíîé ñïîñîáíî-
ñòè ðàäèîêàíàëîâ è îãðàíè÷åííîñòè ÷àñòîòíîãî äèàïàçîíà ïð è ïåðåäà÷å èçîáðàæåíèé íà
íàçåìíûå ïðèåìíûå ñòàíöèè. Â áîëüøèíñòâå ñîâðåìåííûõ ñèñò åì äèñòàíöèîííîãî çîí-
äèðîâàíèÿ èñïîëüçóåòñÿ íåïðåðûâíûé ðåæèì íåïîñðåäñòâåíí îé ïåðåäà÷è èëè õðàíåíèÿ
èçîáðàæåíèé íà áîðòîâûõ çàïèñûâàþùèõ óñòðîéñòâàõ. Áîëüøè íñòâî ñîâðåìåííûõ ñïóò-
íèêîâ îáëàäàþò ýíåðãåòè÷åñêèìè âîçìîæíîñòÿìè äëÿ îáåñïå÷ åíèÿ íåïðåðûâíîãî ðåæèìà
ïåðåäà÷è èíôîðìàöèè, ÷òî òðåáóåò áîëüøèõ âû÷èñëèòåëüíûõ ð åñóðñîâ íà áîðòó êîñìè÷å-
ñêîãî àïïàðàòà.

Íàìåòèâøàÿñÿ â ïîñëåäíåå âðåìÿ òåíäåíöèÿ íà ¾ìèíèàòþðèçàö èþ¿ êîñìè÷åñêèõ
ñðåäñòâ íàáëþäåíèÿ (ìàëûå ñïóòíèêè) è óâåëè÷åíèå ðàçðÿäíî ñòè ïåðåäàâàåìûõ öèôðîâûõ
èçîáðàæåíèé ïðèâåëà ê íåîáõîäèìîñòè ñîêðàùåíèÿ âû÷èñëèòå ëüíûõ ðåñóðñîâ íà ðåàëèçà-
öèþ àëãîðèòìîâ ñæàòèÿ èçîáðàæåíèé, ÷òî íå ïîçâîëÿåò ðåàëèç îâàòü âûøåïåðå÷èñëåííûå
ìåòîäû. Òàêèì îáðàçîì, äëÿ ìàëûõ êîñìè÷åñêèõ àïïàðàòîâ íåî áõîäèìû íîâûå ìåòîäû
ñæàòèÿ èçîáðàæåíèé, íå óñòóïàþùèå ïî ñâîåé ýôôåêòèâíîñòè è çâåñòíûì ìåòîäàì, íî
òðåáóþùèå ìåíüøèõ âû÷èñëèòåëüíûõ ðåñóðñîâ.

Â äàííîé ðàáîòå ïðåäëàãàåòñÿ îäèí èç âîçìîæíûõ ìåòîäîâ ñæàò èÿ öèôðîâûõ èçîáðà-
æåíèé (êàê ïàíõðîìàòè÷åñêèõ, òàê è öâåòíûõ), óäîâëåòâîðÿþ ùèé óêàçàííûì òðåáîâàíè-
ÿì. Ïðåäëîæåííûé ìåòîä ïîçâîëÿåò ìàêñèìàëüíî óäàëèòü ñòàò èñòè÷åñêóþ èçáûòî÷íîñòü
èçîáðàæåíèÿ, íå èìååò ñïåêòðàëüíûõ ïðåîáðàçîâàíèé è âû÷èñ ëèòåëüíûõ îïåðàöèé (òàêèõ,
êàê óìíîæåíèå, ñëîæåíèå). Ìåòîä ñòðîèòñÿ íà ïðîöåäóðå ïðåä ñêàçàíèÿ íà îñíîâå òåîðèè
óñëîâíûõ äèñêðåòíî-çíà÷íûõ ìàðêîâñêèõ ïðîöåññîâ. Ñæàòèå îñóùåñòâëÿåòñÿ ïî áèòîâûì
ïëîñêîñòÿì, ÷òî ïîçâîëÿåò îáðàáàòûâàòü èõ ïàðàëëåëüíî íåç àâèñèìî äðóã îò äðóãà, ïðè
ýòîì îòñóòñòâóåò îãðàíè÷åíèå íà ðàçðÿäíîñòü èçîáðàæåíèÿ.

2 Îïèñàíèå ìåòîäà

Áóäåì ïîëàãàòü, ÷òî g-ðàçðÿäíîå èçîáðàæåíèå ðàçìåðîì m � n ïèêñåëåé ÿâëÿåòñÿ äâó-
ìåðíûì ìàðêîâñêèì ïðîöåññîì ñ íåñêîëüêèìè ñîñòîÿíèÿìè N = 2 g ñ âåêòîðîì âåðîÿò-
íîñòåé íà÷àëüíûõ ñîñòîÿíèé P =




 p1; p2; : : : ; pN




 T

è ìàòðèöàìè âåðîÿòíîñòåé ïåðåõîäîâ
(ÌÂÏ) 1Q è 2Q èç M i â ñîñåäíåå M j ñîñòîÿíèå (i; j 2 N ) ïî ãîðèçîíòàëè è âåðòèêàëè
ñîîòâåòñòâåííî [3]:
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Ðèñ. 1 Ðàçäåëåíèå ïàíõðîìàòè÷åñêîãî èçîáðàæåíèÿ íà ÐÄÈ

1
Y

=




















1� 11
1� 12 � � � 1� 1n

1� 21
1� 22 � � � 1� 2n

...
...

. . .
...

1� n1
1� n2 � � � 1� nn




















; 2
Y

=




















2� 11
2� 12 � � � 2� 1n

2� 21
2� 22 � � � 2� 2n

...
...

. . .
...

2� n1
2� n2 � � � 2� nn




















:

Ðàçðàáîòêà ìåòîäà ñæàòèÿ èçîáðàæåíèé â òàêîì ïðåäñòàâëåíèè òðåáóåò áîëüøèõ âû÷èñ-
ëèòåëüíûõ ðåñóðñîâ, îñîáåííî äëÿ ñíèìêîâ ñ áîëüøèì ðàçðåøå íèåì. Ïîýòîìó ïðåäëàãàåò-
ñÿ ðàçäåëèòüg-ðàçðÿäíîå öèôðîâîå èçîáðàæåíèå íà g ðàçðÿäíûõ äâîè÷íûõ èçîáðàæåíèé
(ÐÄÈ) (ðèñ. 1).

Êàæäîå ÐÄÈ ïðåäñòàâëÿåò ñîáîé äâóìåðíûé ìàðêîâñêèé ïðîöåñ ñ ñ äâóìÿ (N = 2)
ðàâíîâåðîÿòíûìè ñîñòîÿíèÿìè ( p1 = p2) è ÌÂÏ 1

Q
è 2

Q
èç M i â ñîñåäíåå M j ñîñòîÿíèå

(i; j 2 N ) ïî ãîðèçîíòàëè è âåðòèêàëè ñîîòâåòñòâåííî [3]:

1
Y

=










1� 11
1� 12

1� 21
1� 22








 ; 2

Y
=










2� 11
2� 12

2� 21
2� 22








 : (1)

Ýëåìåíòû ÌÂÏ (1) óäîâëåòâîðÿþò óñëîâèþ íîðìèðîâêè

NX

j =1

q� ij = 1; i 2 N; q = 1; 2;

è ñòàöèîíàðíîñòè

pi =
NX

j =1

pj � ij ; i 2 N :

Ðàçðÿäíîå äâîè÷íîå èçîáðàæåíèå ïðåäñòàâëÿåò ñîáîé ìàðêîâ ñêîå ñëó÷àéíîå ïîëå ðàç-
ìåðîì m � n íà íåñèììåòðè÷íîé ïîëóïëîñêîñòè, ïîëó÷åííîé êëàññè÷åñêî é ðàçâåðòêîé ñ
ëåâîãî âåðõíåãî óãëà ñëåâà íàïðàâî âíèç (ðèñ. 2).
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M1,1 M1,j M1,nM1,j-1M1,2

M2,1 M2,j M2,nM2,j-1M2,2

Mi-1,1 Mi-1,j Mi-1,nMi-1,j-1Mi-1,2

Mi,1 Mi,j Mi,nMi,j-1Mi,2

Mm,1 Mm,j Mm,nMm,j-1Mm,2

� � ,n

i,j

Ðèñ. 2 Ìîäåëü ÐÄÈ

Ðèñ. 3 Îêðåñòíîñòü ýëåìåíòà ÐÄÈ

Ñîñòîÿíèå ýëåìåíòà M i;j (i 2 m; j 2 n) çàâèñèò òîëüêî îò èçâåñòíûõ ðàíåå îáðàáîòàí-
íûõ ýëåìåíòîâ � i;j , â ÷àñòíîñòè îò ïîäìíîæåñòâà áëèæàéøèõ ýëåìåíòîâ ^ i;j , íàçûâàåìîãî
îêðåñòíîñòüþ ýëåìåíòà M i;j . Ëó÷øèì îáðàçîì óäîâëåòâîðÿþùåå óñëîâèþ êàóçàëüíîñòè
ÿâëÿåòñÿ êîíôèãóðàöèÿ îêðåñòíîñòè (ðèñ. 3) [3]:

^ i;j = f M i;j � 1; M i � 1;j ; M i � 1;j � 1g:

Âåðîÿòíîñòè ïåðåõîäà îò ñîñòîÿíèé ýëåìåíòîâ îêðåñòíîñòè ^ i;j ê ñîñòîÿíèþ M i;j îáðàçóþò
ÌÂÏ âèäà [3]:

3
Y

=










� 111 � 121 � 211 � 221

� 112 � 122 � 212 � 222










T

: (2)

Îñíîâîé àëãîðèòìà ÿâëÿåòñÿ ïðîöåäóðà ïðåäñêàçàíèÿ êàæäîã î ýëåìåíòà ÐÄÈ íà îñ-
íîâå èçâåñòíîé îêðåñòíîñòè ^ i;j è ÌÂÏ (2), èñïîëüçóÿ êðèòåðèé ìàêñèìàëüíîé âåðîÿòíî-
ñòè. Â ðåçóëüòàòå ïðåäñêàçàíèÿ ôîðìèðóåòñÿ ÐÄÈ ïî ñëåäóþùå ìó ïðàâèëó: åñëè ýëåìåíò
ïðåäñêàçàí âåðíî, òî 0, èíà÷å 1. Ïðè âîññòàíîâëåíèè ÐÄÈ íóëåâûå ýëåìåíòû çàìåíÿþòñÿ
ðåçóëüòàòàìè ïðåäñêàçàíèÿ, à åäèíè÷íûå �� èíâåðñèåé ðåçóë üòàòà ïðåäñêàçàíèÿ. Â êà÷å-
ñòâå ïðèìåðà íà ðèñ. 4, á ïðèâåäåí ðåçóëüòàò ïðåäñêàçàíèÿ ñòàðøåãî ðàçðÿäà ïàíõðîìà-
òè÷åñêîãî öèôðîâîãî èçîáðàæåíèÿ (ñì. ðèñ. 1), áåëûì ïîêàçà íû îáëàñòè, ïðåäñêàçàííûå
íåâåðíî [4, 5]. Ïðèìåíåíèå êîäà Ãðåÿ ïîýëåìåíòíî ïîçâîëÿåò óâåëè÷èòü óñïåøíîñòü ïðåä-
ñêàçàíèÿ.

Ðàçðÿäíîå äâîè÷íîå óñòðîéñòâî ïîñëå ïðåäñêàçàíèÿ ïðåäñòà âëÿåò ñîáîé ðàçðåæåí-
íóþ ìàòðèöó, ÷òî ïîçâîëÿåò ýôôåêòèâíî ïðèìåíÿòü ìåòîäû ýíò ðîïèéíîãî êîäèðîâàíèÿ.
Â ïðåäëîæåííîì àëãîðèòìå ïðèìåíÿåòñÿ êîä Õàôôìàíà. Äàííûé ìåòîä ìîæíî èñïîëüçî-
âàòü äëÿ ðàáîòû ñ öâåòíûìè èçîáðàæåíèÿìè ïóòåì îáðàáîòêè êà æäîé öâåòîâîé êîìïîíåí-
òû â îòäåëüíîñòè. Ïðåäñòàâëåíèå èçîáðàæåíèÿ â öâåòîâîì ïðî ñòðàíñòâå YCoCg ïîâûøàåò
ñòåïåíü ñæàòèÿ.

Ôîðìàëèçîâàííîå îïèñàíèå àëãîðèòìà:
1) èçîáðàæåíèå ïðåîáðàçóåòñÿ â öâåòîâîå ïðîñòðàíñòâî YCoCg;
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(à) Èñõîäíûé ðàçðÿä (á) Ðàçðÿä ïîñëå ïðîöåäóðû ïðåäñêàçàíèÿ

Ðèñ. 4 Ñòàðøèé ðàçðÿä öèôðîâîãî èçîáðàæåíèÿ

2) êîä Ãðåÿ ïîïèêñåëüíî ïðèìåíÿåòñÿ ê êàæäîé öâåòîâîé êîìïî íåíòå;
3) êàæäàÿ öâåòîâàÿ êîìïîíåíòà ðàçäåëÿåòñÿ íà g ÐÄÈ;
4) äëÿ êàæäîãî ÐÄÈ âû÷èñëÿþòñÿ ÌÂÏ:

� ïî ãîðèçîíòàëè 1
Q

;
� ïî âåðòèêàëè 2Q ;

5) äëÿ êàæäîãî ÐÄÈ èñõîäÿ èç ÌÂÏ 1
Q

è 2
Q

âû÷èñëÿåòñÿ ÌÂÏ 3
Q

:
� ïî ãîðèçîíòàëè 1

Q
;

� ïî âåðòèêàëè 2Q ;
6) äëÿ êàæäîãî ÐÄÈ âûïîëíÿåòñÿ ïðîöåññ ïðåäñêàçàíèÿ: ïðîãí îçèðóåòñÿ ýëåìåíò M̂ i;j íà

îñíîâå ÌÂÏ 3Q
è îêðåñòíîñòè ^ i;j :

� åñëè M i;j = M̂ i;j , òî ýëåìåíò ïðåäñêàçàí âåðíî;
� åñëè M i;j 6= M̂ i;j , òî ýëåìåíò ïðåäñêàçàí íåâåðíî;

7) ÐÄÈ îáúåäèíÿþòñÿ îáðàòíî â öâåòîâûå êîìïîíåíòû;
8) êàæäàÿ öâåòîâàÿ êîìïîíåíòà êîäèðóåòñÿ êîäîì Õàôôìàíà;
9) ïîëó÷åííûå äàííûå è ñëóæåáíàÿ èíôîðìàöèÿ çàïèñûâàþòñÿ â ôàéë ôîðìàòà mrk.

3 Ðåçóëüòàòû ýêñïåðèìåíòîâ
Äëÿ èññëåäîâàíèÿ ýôôåêòèâíîñòè ïðåäëîæåííîãî àëãîðèòìà ( MRK) ïðîèçâåäåíî ñæà-

òèå ñíèìêîâ ïîâåðõíîñòè Çåìëè ñî ñïóòíèêà (ðèñ. 5, à) [6] è áà çû èçîáðàæåíèé ñàéòà
imagecompression.info(ðèñ. 5, á) [7]. Èñõîäíîå ðàçðåøåíèå ñïóòíèêîâûõ ñíèìêîâ 8192� 8192
ïèêñåëåé, èçîáðàæåíèÿ ñ ñàéòàimagecompression.infoèìåþò ðàçëè÷íîå ðàçðåøåíèå â äèà-
ïàçîíå 2000� 3000� 5000� 7000 ïèêñåëåé, âñå èçîáðàæåíèÿ öâåòíûå (24 áèòà/ïèêñåëü).
Èññëåäîâàíèå ïðîâîäèëîñü íà êîìïüþòåðå, îáëàäàþùåì ñëåäó þùèìè õàðàêòåðèñòèêàìè:
ïðîöåññîð Intel Celeron G1820 � 2,7 ÃÃö, 8 ÃÁ îïåðàòèâíîé ïàì ÿòè, SSD TOSHIBA 128 ÃÁ,
îïåðàöèîííàÿ ñèñòåìà Windows 7.

Â êà÷åñòâå àíàëîãîâ ïðåäñòàâëåíû èçâåñòíûå àëãîðèòìû ñæàòèÿ áåç ïîòåðü PNG,
JPEG-LS è JPEG 2000, à òàêæå ñîâðåìåííûå ðàçðàáîòêè BMF [8],Qlic [9] è ImageZero [10].
Íà ðèñ. 6 ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòè ñðåäíåãî êîýôôè öèåíòà ñæàòèÿ â çàâèñèìî-
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(à) Ñíèìîê ñî ñïóòíèêà (á) Áàçà èçîáðàæåíèé ñàéòà
imagecompression.info

Ðèñ. 5 Ïðèìåðû ñíèìêîâ èç âûáîðêè

ñòè îò ðàçìåðà èçîáðàæåíèÿ. Äëÿ îöåíêè áûñòðîäåéñòâèÿ àëãî ðèòìà íà ðèñ. 7 ïðåäñòàâ-
ëåíû çàâèñèìîñòè ñêîðîñòè ðàáîòû àëãîðèòìà îò ðàçìåðà èçîá ðàæåíèÿ. Îöåíêè ñêîðîñòè
ïîëó÷åíû ïðè ðàáîòå â îäíîïîòî÷íîì ðåæèìå. Ïðè ðàáîòå â ïàðà ëëåëüíîì ðåæèìå ñêî-
ðîñòü ðàáîòû íà ñîâðåìåííîì ÷åòûðåõÿäåðíîì ïðîöåññîðå óâå ëè÷èòñÿ â 3�4 ðàçà.

4 Çàêëþ÷åíèå
Ïî ðåçóëüòàòàì èññëåäîâàíèÿ âèäíî, ÷òî ïðåäëîæåííûé ìåòîä ìîæíî îòíåñòè ê êëàññó

ìåòîäîâ ñ âûñîêèì áûñòðîäåéñòâèåì. Ìåòîä îáëàäàåò ïîòåíöè àëîì ïî óâåëè÷åíèþ ïðîèç-
âîäèòåëüíîñòè. Àëãîðèòì ïîñòðîåí íà ïðîñòûõ áèòîâûõ îïåðà öèÿõ, òåñòèðîâàíèå ïðîèçâå-
äåíî íà êîìïüþòåðå, îïåðèðóþùåì áàéòàìè. Ïåðåõîä íà îáîðóä îâàíèå, îïåðèðóþùåå áè-
òàìè, äàñò óâåëè÷åíèå ïðîèçâîäèòåëüíîñòè â ðàçû. Èñïîëüçî âàíèå ïàðàëëåëüíîãî ðåæèìà
ðàáîòû äàñò ïðèðîñò ïðîèçâîäèòåëüíîñòè â 3-4 ðàçà. Àëãîðèò ì èìååò ðÿä ïðåèìóùåñòâ:

� ñæàòèå êàæäîãî ÐÄÈ ïðîèñõîäèò íåçàâèñèìî îò äðóãèõ, ýòî äà åò âîçìîæíîñòü óâåëè-
÷åíèÿ áûñòðîäåéñòâèÿ çà ñ÷åò ïàðàëëåëüíîé îáðàáîòêè ÐÄÈ;

� àëãîðèòì ïîçâîëÿåò îáðàáàòûâàòü èçîáðàæåíèÿ ëþáîé ðàçðÿ äíîñòè;
� àëãîðèòì íå òðåáîâàòåëåí ê ïàìÿòè è ìîæåò ðàáîòàòü íà ëåòó ( äëÿ ðàáîòû àëãîðèòìó

íåîáõîäèìî õðàíèòü òîëüêî äâå î÷åðåäíûå ñòðîêè èçîáðàæåíè ÿ);
� àëãîðèòì ñòðîèòñÿ íà ïðîñòûõ âû÷èñëèòåëüíûõ îïåðàöèÿõ, ÷ òî ñíèæàåò òðåáîâàíèÿ

ê ýëåìåíòíîé áàçå. Òàê, ðåàëèçîâàâ äàííûé àëãîðèòì íà ÏËÈÑ ( ïðîãðàììèðóåìûõ
ëîãè÷åñêèõ èíòåãðàëüíûõ ñõåìàõ), ìîæíî ñóùåñòâåííî ñîêðà òèòü ýíåðãåòè÷åñêèå çà-
òðàòû è ïîâûñèòü áûñòðîäåéñòâèå, ÷òî àêòóàëüíî äëÿ èñïîëüç îâàíèÿ â ñèñòåìàõ äè-
ñòàíöèîííîãî çîíäèðîâàíèÿ Çåìëè.
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2005. 1072 ñ. (Gonzalez R., Woods R.Digital image processing. � 2nd ed. � Prentice Hall, 2002.
813 p.)
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Ðèñ. 6 Çàâèñèìîñòü ñðåäíåãî êîýôôèöèåíòà ñæàòèÿ îò ðàçìåðà èçîáð àæåíèÿ: (a) ñïóòíèêîâûå
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êè; (á) áàçà èçîáðàæåíèé, ñàéòimagecompression.info
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[6] DigitalGlobe https://www.digitalglobe.com/resources/imagery-prod uct-samples .

[7] The New Test Images � image compression benchmark.http://imagecompression.info/test_
images.

[8] BMF. http://www.compression.ru/ds/ .
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