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The article evaluates the e�ectiveness of software for detecting boundaries using the example of
images of seismic wave-�eld patterns. Sobel �lters are used to detect borders on images. Prewitt,
Roberts, Gabor and the Canny algorithm. Software evaluation is performed by quantitative and
qualitative characteristics. The results will be used in the study of the neocognitron neural network
for the recognition of geological and physical models of media (GPMM). There are currently no quick
and accurate tools allowing to solve the inverse problem of geophysics, including in terms of obtaining
the structure structure of the studied medium. Under the inverse problem we understand the problem
of determining the structure and parameters of the medium under study from existing picture of wave
�eld propagation. One of the existing approaches to solving inverse problems is an iterative method:
by gradually changing the environmental parameters speci�ed in a special program, the propagation
picture is synthesized wave �eld for a given environment and is compared with the existing one. Then
the parameters change in the direction of the assumed optimum a set of environmental parameters
corresponding to the captured �eld picture. As a result of repeated repetition of a given operation,
one can approach the desired parameter values. This approach is time consuming for modeling and
comparison of �eld patterns. Simulation time, depending on the accuracy and detail of the model, can
reach several days even on powerful supercomputers. To solve the problem of determining the position
and geometric properties of objects, we propose the use of neural networks that have proven themselves
in various �elds from image recognition to time series processing. The use of properly trained neural
network structures will allow us to obtain models that require small processing time and allow you to
fairly accurately determine the location and shape of the desired inclusion (hereinafter, we consider
the example of cavernous media) - caverns. The input data for a neural network is the pattern of
wave �eld propagation through a given medium in the form of a sequence of color two-dimensional
images. Pictures taken at regular intervals. The output data for the network should be the proposed
GFMS, presented in the form of a color two-dimensional image, on which the direct problem was
solved. Currently, there is a neural network LSTM for determining the structure of the studied GFMS,
given in the form of a two-dimensional image. The image shows a homogeneous medium with a cavity
available at an arbitrary point ?a cavity of round or oval shape with arbitrary sizes. This is the main
drawback of the neural network. In our study, it is proposed not to recognize the entire GFMS, but
to recognize only objects of the geological and physical model of the environment. The neocognitron
arti�cial neural network was used to perform the task of object recognition, since its recognition ability
in the ideal case is insensitive to shifts, resizing, or other distortions. The task of pattern recognition
is to partition multidimensional space into areas corresponding to given categories or classes.

One of the important tasks in the system for recognizing objects in an image is the problem of
image segmentation. Segmentation divides the image into many disjoint areas that are visually di�erent,
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uniform and signi�cant in relation to several qualities or processed properties. Erroneous recognition
of segments in the image a�ects its quality. The method of �nding boundaries on the brightness
di�erence is the main tool for high-quality image segmentation. Borders are curves in the image along
which there is a sharp change in brightness or its derivatives with respect to spatial variables. The
GFMS model of a previously unknown shape of brightness and background brightness, therefore, by the
distinguishable di�erence in brightness, one can judge its presence in the image. The article evaluates
the e�ectiveness of software (software) for detecting boundaries using the example of images of seismic
wave �eld patterns. To detect borders on images, Sobel �lters are used. Prewitt, Roberts, Gabor and
the Canny algorithm. A feature of this program is the con�gurability of the parameters of each �lter.
The program automatically prepares the image for recognition: processing in grayscale, sharpening. It
is possible to save images in three di�erent formats: jpg, bmp, png.

Software evaluation is performed by quantitative and qualitative characteristics. The results will be
used in the study of the neocognitron neural network for recognition of geological and physical models
of media (GPMM).

Key words: boundary detection, image recognition, neural network, neocognitron.
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Â ñòàòüå ïðîèçâîäèòñÿ îöåíêà ýôôåêòèâíîñòè ïðîãðàììíîãî îáåñïå÷åíèÿ (ÏÎ) äëÿ îáíàðóæå-
íèÿ ãðàíèö íà ïðèìåðå èçîáðàæåíèé êàðòèí ñåéñìè÷åñêîãî âîëíîâîãî ïîëÿ. Äëÿ îáíàðóæåíèÿ
ãðàíèö íà èçîáðàæåíèÿõ ïðèìåíÿþòñÿ ôèëüòðû Ñîáåëÿ, Ïðåâèòòà, Ðîáåðòñà, Ãàáîðà è àëãî-
ðèòì Êàííè. Îöåíêà ÏÎ ïðîèçâîäèòñÿ êîëè÷åñòâåííûìè è êà÷åñòâåííûìè õàðàêòåðèñòèêàìè.
Ðåçóëüòàòû áóäóò èñïîëüçîâàíû â ðàáîòå ïî èññëåäîâàíèþ íåéðîííîé ñåòè íåîêîãíèòðîí äëÿ
ðàñïîçíàâàíèÿ ãåîëîãî-ôèçè÷åñêèõ ìîäåëåé ñðåä (ÃÔÌÑ).

Êëþ÷åâûå ñëîâà: îáíàðóæåíèå ãðàíèö, ðàñïîçíàâàíèå èçîáðàæåíèé, íåéðîíàÿ ñåòü,
íåîêîãíèòðîí.

Ââåäåíèå. Ðåøåíèå îáðàòíîé çàäà÷è ãåîôèçèêè â íàñòîÿùåå âðåìÿ ÿâëÿåòñÿ àêòóàëü-
íûì íàïðàâëåíèåì. Ðåøåíèå îáðàòíîé çàäà÷è çàêëþ÷àåòñÿ â íàõîæäåíèè õàðàêòåðèñòèê
ñðåäû ïî ôèçè÷åñêèì ïàðàìåòðàì ïîëÿ, ò. å. îïðåäåëåíèè ïàðàìåòðîâ ñðåäû ïî èìåþùåéñÿ
êàðòèíå ðàñïðîñòðàíåíèÿ âîëíîâîãî ïîëÿ [1]. Ñóùåñòâóþùèå ïîäõîäû ê ðåøåíèþ îáðàòíîé
çàäà÷è òðåáóþò áîëüøîãî êîëè÷åñòâà âðåìåíè, ïðîïîðöèîíàëüíîãî òî÷íîñòè ìîäåëè. Äëÿ
âîññòàíîâëåíèÿ ãåîëîãî-ôèçè÷åñêèõ ìîäåëåé ñðåä (ÃÔÌÑ) ïî êàðòèíå ðàñïðîñòðàíåíèÿ
ñåéñìè÷åñêîãî âîëíîâîãî ïîëÿ ïðåäëàãàåòñÿ èñïîëüçîâàòü íåéðîííûå ñåòè, êîòîðûå óæå
çàðåêîìåíäîâàëè ñåáÿ â ñôåðå ðàñïîçíàâàíèÿ èçîáðàæåíèé. Ïîëó÷åííûå ìîäåëè ïîçâî-
ëÿò òî÷íî îïðåäåëèòü ìåñòîïîëîæåíèå è ôîðìó êàâåðíîçíîé ñðåäû, ïðè ýòîì çàòðà÷èâàÿ
ìèíèìàëüíûå âðåìåííûå è ÷åëîâå÷åñêèå ðåñóðñû.

Ïîñòàíîâêà çàäà÷è ïðè ïðèìåíåíèè íåéðîííûõ ñåòåé ñîñòîèò â ñëåäóþùåì: íà âõîä ïî-
ñòóïàåò êàðòèíà ðàñïðîñòðàíåíèÿ ñåéñìè÷åñêîãî âîëíîâîãî ïîëÿ â âèäå öâåòíûõ äâóõìåð-
íûõ èçîáðàæåíèé, à íà âûõîäå íåéðîííûå ñåòè äîëæíû ïîñòðîèòü ÃÔÌÑ, ïðåäñòàâëåííóþ
â âèäå öâåòíîãî äâóõìåðíîãî èçîáðàæåíèÿ [2].

1. Òåîðåòè÷åñêàÿ ÷àñòü. Îäíèì èç ïðèìåðîâ íåéðîííîé ñåòè äëÿ ðàñïîçíàâàíèÿ
èçîáðàæåíèé ÿâëÿåòñÿ ñåòü íåîêîãíèòðîí, ðàçðàáîòàííàÿ Ê. Ôóêóøèìîé [3]. Îäíîé èç
îñîáåííîñòüþ ñåòè ÿâëÿåòñÿ åå íå÷óâñòâèòåëüíîñòü ê ñäâèãàì, èçìåíåíèþ ðàçìåðîâ ìîäåëè
èëè äðóãèì èñêàæåíèÿì. Â ñòðóêòóðå íåîêîãíèòðîíà ñîäåðæèòñÿ ñëîé, îòâå÷àþùèé çà
âûäåëåíèå êîíòðàñòà, êîòîðûé áóäåò âèäîèçìåíåí äëÿ ïðèìåíåíèÿ ê çàäà÷å ðàñïîçíàâàíèÿ
ãåîëîãî-ôèçè÷åñêèõ ìîäåëåé ñðåä ïî êàðòèíå ðàñïðîñòðàíåíèÿ ñåéñìè÷åñêîãî âîëíîâîãî
ïîëÿ.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòà ÐÔÔÈ � 19-07-00170.
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Äëÿ íàõîæäåíèÿ ðåçêîãî ïåðåïàäà òðàäèöèîííî èñïîëüçóþòñÿ ôèëüòðû Ñîáåëÿ, Ïðå-
âèòòà, Ðîáåðòñà è àëãîðèòì Êàííè [4]. Â íåéðîñåòåâûõ ìîäåëÿõ èñïîëüçóåòñÿ ôèëüòð Ãàáî-
ðà äëÿ âûäåëåíèÿ òåêñòóð çà ñ÷åò ñâîåé ïåðèîäè÷íîñòè [5]. ßäðî ôèëüòðà Ãàáîðà ÿâëÿåòñÿ
ïðîèçâåäåíèåì ãàóññèàíà è ãàðìîíè÷åñêîé ôóíêöèè è ôèëüòðóåò ñèãíàë, îñíîâûâàÿñü íà
ïàðàìåòðå ïðåäïî÷òèòåëüíîé ïðîñòðàíñòâåííîé ÷àñòîòû λ−1.

g(k,l) = exp−x
′2 + γ2y

′2

2σ2
cos

2πx
′

λ
+ ψ, (1)

ãäå x
′
, y

′ − ïåðåõîä ê ïîëÿðíûì êîîðäèíàòàì;

k, l − ïîçèöèÿ ñâåòîâîãî èìïóëüñà â ðåöåïòèâíîé îáëàñòè;

λ− êîëè÷åñòâî ïàðàëëåëüíûõ âîçáóæäàþùèõ è òîðìîçíûõ çîí â ðåöåïòèâíîì ïîëå;

σ − ðàçìåð ðåöåïòèâíîãî ïîëÿ;

ψ − ñèììåòðè÷íîñòü âîçáóæäàþùèõ è òîðìîçÿùèõ çîí;

γ − ñòåïåíü ýëëèïòè÷íîñòè ðåöåïòèâíîãî ïîëÿ.

Íåïîñðåäñòâåííî æå âûÿâëåíèå ãðàíèö ñåãìåíòîâ îñóùåñòâëÿåòñÿ ïðè ïðîâåäåíèè ìà-
òåìàòè÷åñêîé îïåðàöèè ñâåðòêè ÿäðà ôèëüòðà Ãàáîðà è èçîáðàæåíèÿ â ãðàäàöèÿõ ñåðîãî:

r =
x

Ω

f(u− k,v − l)g(k,l) dk dl. (2)

Çíà÷åíèÿ ñâåðòêè áîëüøå íóëÿ îçíà÷àþò íàëè÷èå ãðàíèöû, ïîýòîìó â êà÷åñòâå ïåðåäà-
òî÷íîé ôóíêöèè íåéðîíà èñïîëüçóåòñÿ ôóíêöèÿ Õåâèñàéäà. Ïðåîáðàçóÿ (2) ê âçâåøåííîé
ñóììå è ïîäñòàâèâ ôîðìóëó (1), ïîëó÷èì ïåðåäàòî÷íóþ ôóíêöèþ íåéðîíà:

uG(m,n) = φ[
∑
|k,l|<AG

uG(m+ k,n+ l) exp−x
′2 + 0,25y

′2

2A2
G

cos
2πx

′

λ
+
π

2
], (3)

ãäå φ[x] = max(x,0)− ïîðîãîâàÿ ôóíêöèÿ;

AG − ðàçìåð ðåöåïòèâíîãî ïîëÿ;

m,n− ïîçèöèÿ öåíòðà ðåöåïòèâíîãî ïîëÿ.

Ñîãëàñíî èññëåäîâàíèÿì, îïóáëèêîâàííûì â [6], îïòèìàëüíîå çíà÷åíèå ïðåäïî÷òèòåëü-
íîé ïðîñòðàíñòâåííîé ÷àñòîòû ìîæåò áûòü âû÷èñëåíî èñõîäÿ èç ñîîòíîøåíèÿ:

AG = 0,56λ

x
′
= k cos θ + l sin θ

y
′
= −k sin θ + l cos θ

Ïðè ýòîì äëÿ òåêóùåãî ïèêñåëÿ ðàññìàòðèâàþòñÿ ÿðêîñòè ñîñåäíèõ ïèêñåëåé â íåêîòî-
ðîé îáëàñòè A, êîòîðûå âëèÿþò íà ñòåïåíü ãðàíè÷íîñòè òåêóùåãî ïèêñåëÿ. Òàêèì îáðàçîì,
ìîæíî îöåíèòü ñòåïåíü ãðàíè÷íîñòè âñåõ ïèêñåëåé íà èçîáðàæåíèè â çàâèñèìîñòè îò èõ
ñîñåäåé, è òàêàÿ ëîêàëüíàÿ îáðàáîòêà áóäåò èíâàðèàíòíà ê ñìåíå îñâåùåííîñòè èëè öâåòà
èçîáðàæåíèÿ.
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Ðèñ. 1. Ïðèëîæåíèå îáíàðóæåíèÿ êðàÿ

Äëÿ âûáîðà èíñòðóìåíòà âèäîèçìåíåíèÿ ñëîÿ ñåòè áûëî ñîçäàíî ïðîãðàììíîå îáåñïå-
÷åíèå, â êîòîðîì èçîáðàæåíèÿ êàðòèíû âîëíîâîãî ïîëÿ îáðàáàòûâàåòñÿ ôèëüòðàìè Ñîáå-
ëÿ, Ïðåâèòòà, Ðîáåðòñà, Ãàáîðà è àëãîðèòìîì Êàííè.

2. Ïðîãðàììíîå îáåñïå÷åíèå. Ïðîãðàììíîå îáåñïå÷åíèå áûëî ðàçðàáîòàíî â ñðåäå
MS Visual Studio 2019 íà ÿçûêå ïðîãðàììèðîâàíèÿ C Sharp. Âûáîð ÿçûêà C Sharp îáîñ-
íîâàí òåì, ÷òî îí èìååò áîëåå 300000 áèáëèîòåê ðàçíûõ ôóíêöèé, êîòîðûå ïîçâîëÿþò
óïðîñòèòü íàïèñàíèå êîäà. Ñðåäà ðàçðàáîòêè áûëà âûáðàíà, ïîòîìó ÷òî ñîäåðæèò â ñåáå
êîíñòðóêòîð ãðàôè÷åñêèõ ôîðì, ÷òî ÿâëÿëîñü ïåðâûì ïðåèìóùåñòâîì, òàê êàê ïðîãðàìì-
íîå îáåñïå÷åíèå äîëæíî ïðåäîñòàâëÿòü ïîëüçîâàòåëþ óäîáíûé ãðàôè÷åñêèé èíòåðôåéñ
[7].

Âíåøíèé âèä ðàçðàáàòûâàåìîãî ïðèëîæåíèÿ ïðåäñòàâëåí íà ðèñ. 1. Ïðèëîæåíèå óñëîâ-
íî ðàçäåëåíî íà äâå îáëàñòè: ïåðâàÿ � ñîäåðæèò â ñåáå êíîïêè óïðàâëåíèÿ èñõîäíûì
èçîáðàæåíèåì. Âòîðàÿ � îáðàáîòàííîå èçîáðàæåíèå. Îïèñàíèå êíîïîê óïðàâëåíèÿ ïðè-
ëîæåíèåì ïðåäñòàâëåíî â òàáë. 1.

3. Êà÷åñòâåííûé àíàëèç. Âàæíîé îñîáåííîñòüþ äàííîé ïðîãðàììû ÿâëÿåòñÿ, òî,
÷òî ìîæíî çàìåðèòü âðåìÿ, çàòðà÷åííîå êàæäûì ôèëüòðîì íà îáðàáîòêó èçîáðàæåíèÿ.
Îöåíèì ñîçäàííóþ ïðîãðàììó ïî êà÷åñòâåííûì (âèçóàëüíîå îöåíèâàíèå êà÷åñòâà èçîáðà-
æåíèé) è êîëè÷åñòâåííûì (ìåòðèêè ïðîãðàììíîãî îáåñïå÷åíèÿ) ïðèçíàêàì. Êà÷åñòâåííîå
îöåíèâàíèå ïðîãðàììíîãî îáåñïå÷åíèÿ çàêëþ÷àåòñÿ â âèçóàëüíîé îöåíêå êà÷åñòâà ïîëó-
÷åííîãî èçîáðàæåíèÿ, à òàêæå ñðàâíåíèÿ âðåìåíè, çàòðà÷åííîãî êàæäûì ôèëüòðîì íà
îáðàáîòêó èçîáðàæåíèÿ. Äëÿ ýòîãî ïðîâåäåì ýêñïåðèìåíò, èñïîëüçóÿ 6 èçîáðàæåíèé ñåé-
ñìè÷åñêîãî âîëíîâîãî ïîëÿ, ñäåëàííûõ â ðàçíûå ïðîìåæóòêè âðåìåíè, è îáðàáîòàåì èõ ñ
ïîìîùüþ ïðîãðàììû.

Äëÿ ïðîâåäåíèÿ êà÷åñòâåííîãî ýêñïåðèìåíòà íå èñïîëüçîâàëèñü äîïîëíèòåëüíûå âîç-
ìîæíîñòè ïðîãðàììû (óâåëè÷åíèå ðåçêîñòè èçîáðàæåíèÿ, óñòàíîâêà ãëóáèíû îáíàðóæå-
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Òàáëèöà 1

Îïèñàíèå êíîïîê óïðàâëåíèÿ

Êíîïêà Îïèñàíèå

Open Îòêðûòèå èñõîäíîãî èçîáðàæåíèÿ
Sharpen Óâåëè÷åíèå ðåçêîñòè èñõîäíîãî èçîáðàæåíèÿ
Reduction Îòìåíà ðåçêîñòè èñõîäíîãî èçîáðàæåíèÿ
Detection Îáíàðóæåíèå ãðàíèö
Save Ñîõðàíåíèå îáðàáîòàííûõ èçîáðàæåíèé
Value Óñòàíîâêà ãëóáèíû îáíàðóæåíèÿ

Detection threshold Çíà÷åíèå ãëóáèíû îáíàðóæåíèÿ

Òàáëèöà 2

Ïîëó÷åííûå èçîáðàæåíèÿ ñ ïîìîùüþ ôèëüòðà Ñîáåëÿ

íèÿ) äëÿ êëàññè÷åñêèõ ôèëüòðîâ è àëãîðèòìà Êàííè, à äëÿ ôèëüòðà Ãàáîðà áûëè óñòà-
íîâëåíû ïàðàìåòðû, ðåêîìåíäîâàííûå àâòîðîì â [6].

Ðåçóëüòàòû âûäåëåíèÿ êðàÿ ñ ïîìîùüþ ôèëüòðà Ñîáåëÿ ïðåäñòàâëåíû â òàáë. 2.
Ðåçóëüòàòû âûäåëåíèÿ êðàÿ ñ ïîìîùüþ ôèëüòðà Ïðåâèòòà ïðåäñòàâëåíû â òàáë. 3.
Ðåçóëüòàòû âûäåëåíèÿ êðàÿ ñ ïîìîùüþ ôèëüòðà Ðîáåðòñà ïðåäñòàâëåíû â òàáë. 4.
Ðåçóëüòàòû âûäåëåíèÿ êðàÿ ñ ïîìîùüþ àëãîðèòìà Êàííè ïðåäñòàâëåíû â òàáë. 5.
Ðåçóëüòàòû âûäåëåíèÿ êðàÿ ñ ïîìîùüþ ôèëüòðà Ãàáîðà ïðåäñòàâëåíû â òàáë. 6.
Èñõîäÿ èç ïîëó÷åííûõ ðåçóëüòàòîâ, ìîæíî ñäåëàòü êà÷åñòâåííûé (âèçóàëüíûé) âûâîä.

Ôèëüòð Ñîáåëÿ èìååò áîëüøîå ÿäðî, ÷òî äåëàåò îïåðàòîðà ìåíåå âîñïðèèì÷èâûì ê øóìó.
Èç-çà áîëüøîé ìàñêè ïðîèñõîäèò ëîêàëüíîå óñðåäíåíèå â åå îêðåñòíîñòè, ÷òî óìåíüøàåò
îøèáêè îò âîçäåéñòâèÿ øóìîâ. Ôèëüòð Ïðåâèòòà âèçóàëüíî ïðàêòè÷åñêè íå îòëè÷àåòñÿ
îò ôèëüòðà Ñîáåëÿ, òàêæå ïðîñëåæèâàåþñÿ äîñòàòî÷íîå êîëè÷åñòâî ãðàíèö è çàìêíóòûé
êîíòóð. Ôèëüòð Ðîáåðòñà ïðè âèçóàëüíîé îöåíêå âûäåëÿåò íåáîëüøîå êîëè÷åñòâî ãðàíèö,
÷åì ôèëüòðû Ñîáåëÿ è Ïðåâèòòà, ýòî îáóñëîâëèâàåòñÿ îòñóòñòâèåì ÷åòêî âûðàæåííîãî
öåíòðàëüíîãî ýëåìåíòà ìàñêè. Àëãîðèòì Êàííè ìåíåå ÷óâñòâèòåëåí ê øóìó, ÷åì êëàñ-
ñè÷åñêèå ôèëüòðû, ïîýòîìó âûäåëÿåò â ðàçû áîëüøå êðàåâ íà èçîáðàæåíèè. Àëãîðèòì
Êàííè îáåñïå÷èâàåò îðèåíòàöèþ ãðàäèåíòà êðîìêè, ÷òî ïðèâîäèò ê õîðîøåé ëîêàëèçàöèè
êðàÿ, â òî âðåìÿ êàê â áîëüøèíñòâå äðóãèõ ôèëüòðàõ ýòîãî íå ïðåäóñìîòðåíî. Ôèëüòð
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Òàáëèöà 3

Ïîëó÷åííûå èçîáðàæåíèÿ ñ ïîìîùüþ ôèëüòðà Ïðåâèòòà

Òàáëèöà 4

Ïîëó÷åííûå èçîáðàæåíèÿ ñ ïîìîùüþ ôèëüòðà Ðîáåðòñà

Ãàáîðà ïîçâîëÿåò âûäåëÿòü ñâåòëûå ëèíèè íà òåìíîì ôîíå è òåìíûå ëèíèè íà ñâåòëîì
ôîíå. Îáðàáîòêà èçîáðàæåíèÿ ôèëüòðîì Ãàáîðà äîñòèãàåòñÿ ïóòåì óñðåäíåíèÿ çíà÷åíèé
îáðàáàòûâàåìîãî èçîáðàæåíèÿ ïî íåêîòîðîé îáëàñòè â êàæäîé òî÷êå.

Ïðè âèçóàëüíîé îöåíêå ôèëüòð Ãàáîðà íàìíîãî ÷óâñòâèòåëüíåå ê øóìó, ÷åì ïðåäû-
äóùèå ôèëüòðû è àëãîðèòìû, âûäåëÿåò íàèáîëüøåå êîëè÷åñòâî ãðàíèö íà èçîáðàæåíèè,
êîòîðûå çàìåòíû ñðàçó. Âðåìÿ îáðàáîòêè èçîáðàæåíèÿ ó ôèëüòðà Ñîáåëÿ â ñðåäíåì ñî-
ñòàâëÿåò 250ìñ, ó ôèëüòðà Ïðåâèòòà � 240ìñ, ó ôèëüòðà Ðîáåðòñà � 220ìñ, àëãîðèòìà
Êàííè � 350ìñ, ó ôèëüòðà Ãàáîðà � 450ìñ (ðèñ. 2).

Íåñìîòðÿ íà òî, ÷òî ôèëüòð Ãàáîðà ÿâëÿåòñÿ ìåíåå ïðîèçâîäèòåëüíûì ñðåäè îñòàëü-
íûõ ôèëüòðîâ, ïðè âèçóàëüíîé îöåíêå îí áîëüøå âñåãî ïîäõîäèò äëÿ ðåøåíèÿ çàäà÷è
âûäåëåíèÿ êðàÿ íà èçîáðàæåíèÿõ êàðòèí ñåéñìè÷åñêîãî âîëíîâîãî ïîëÿ Çåìëè.

4. Êîëè÷åñòâåííûé àíàëèç. Êîëè÷åñòâåííàÿ îöåíêà ïðîãðàììû íåîáõîäèìà äëÿ
îïðåäåëåíèÿ êà÷åñòâà ÏÎ, ïðîãíîçèðîâàíèÿ êà÷åñòâà âûõîäíîãî ïðîäóêòà, à òàêæå äëÿ
óëó÷øåíèÿ êà÷åñòâà ÏÎ è âûõîäíîãî ïðîäóêòà. Äëÿ êîëè÷åñòâåííîé îöåíêè ïðîãðàìì-
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Òàáëèöà 5

Ïîëó÷åííûå èçîáðàæåíèÿ ñ ïîìîùüþ ôèëüòðà Êàííè

Òàáëèöà 6

Ïîëó÷åííûå èçîáðàæåíèÿ ñ ïîìîùüþ ôèëüòðà Ãàáîðà

íîãî îáåñïå÷åíèÿ èñïîëüçóþòñÿ ìåòðèêè. Ïðîãðàììíàÿ ìåòðèêà � ìåðà, ïîçâîëÿþùàÿ
ïîëó÷èòü ÷èñëåííîå çíà÷åíèå íåêîòîðîãî ñâîéñòâà ïðîãðàììíîãî îáåñïå÷åíèÿ [8].

Ìåòðèêè ïðîãðàìì ïðèíÿòî ðàçäåëÿòü íà òðè îñíîâíûå ãðóïïû: ìåòðèêè ðàçìåðà ïðî-
ãðàììû; ìåòðèêè ñëîæíîñòè ïîòîêà óïðàâëåíèÿ ïðîãðàììû; ìåòðèêè ñëîæíîñòè ïîòîêà
äàííûõ ïðîãðàììû.

Îöåíèòü ïðîãðàììó ïî äàííûì ìåòðèêàì ìîæíî íà ïëàòôîðìå ðàçðàáîòêè ÏÎ (â äàí-
íîì ñëó÷àå Visual Studio 2019). Â òàáë. 7 ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîãðàììíîãî
îáåñïå÷åíèÿ.

� Èíäåêñ óäîáñòâà ïîääåðæêè: çåëåíûé çíà÷îê îáîçíà÷àåò îòíîñèòåëüíî âûñîêóþ ñòå-
ïåíü ñîïðîâîæäàåìîñòè;

� Ñëîæíîñòü îðãàíèçàöèè öèêëîâ (öèêëîìàòè÷åñêàÿ ñëîæíîñòü): îïðåäåëÿåò ÷èñëî
âåòâåé öèêëîâ â ìîäóëå; ÷åì ìåíüøå � òåì ëó÷øå;

� Ãëóáèíà íàñëåäîâàíèÿ: îïðåäåëÿåòñÿ ÷èñëîì óðîâíåé íàñëåäîâàíèÿ â ìîäóëå; ÷åì
ìåíüøå � òåì ëó÷øå;
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Ðèñ. 2. Âðåìÿ îáðàáîòêè èçîáðàæåíèé

Òàáëèöà 7

Àíàëèç êîäà

Èíäåêñ óäîáñòâà ïîääåðæêè 70 (çåëåíûé ìàðêåð)
Ñëîæíîñòü îðãàíèçàöèè öèêëîâ 76

Ãëóáèíà íàñëåäîâàíèÿ 7
Âçàèìîçàâèñèìîñòü êëàññîâ 65

Ñòðîêè êîäà 1257

� Âçàèìîçàâèñèìîñòü êëàññîâ � îïðåäåëÿåò ÷èñëî êëàññîâ, íà êîòîðûå åñòü ññûëêè;
÷åì ìåíüøå � òåì ëó÷øå.

Òàêèì îáðàçîì, ñîçäàííîå ïðîãðàììíîå îáåñïå÷åíèå äëÿ âûäåëåíèÿ êðàåâ ñ ïîìîùüþ
ôèëüòðîâ Ñîáåëÿ, Ïðåâèòòà, Ðîáåðòñà, Ãàáîðà è àëãîðèòìà Êàííè èìååò âûñîêóþ ñòåïåíü
ñîïðîâîæäàåìîñòè, ÿâëÿåòñÿ ñëîæíûì â îðãàíèçàöèè öèêëîâ (75), ñ ìàëåíüêèì ÷èñëîì
óðîâíåé íàñëåäîâàíèÿ (7), à òàêæå èìååò áîëüøîå ÷èñëî êëàññîâ, íà êîòîðûå åñòü ññûëêè
(65). Ïðîãðàììà ÿâëÿåòñÿ ñëîæíîé ñ òî÷êè çðåíèÿ êîëè÷åñòâåííîé îöåíêè è íóæäàåòñÿ â
îïòèìèçàöèè.

Çàêëþ÷åíèå. Ïî ïîëó÷åííûì ðåçóëüòàòàì èññëåäîâàíèé ìîæíî ñäåëàòü âûâîä, ÷òî
ïðîãðàììíîå îáåñïå÷åíèå ìîæíî èñïîëüçîâàòü äëÿ âûáîðà ïîäõîäÿùåãî ôèëüòðà âûäåëå-
íèÿ êðàåâ èçîáðàæåíèé ñåéñìè÷åñêîãî âîëíîâîãî ïîëÿ. Èñõîäÿ èç êà÷åñòâåííîé îöåíêè,
íàèëó÷øèì ôèëüòðîì ÿâëÿåòñÿ ôèëüòð Ãàáîðà. Çà ñ÷åò ñâîåé óñòîé÷èâîñòè ê øóìó,
îí âûäåëÿåò ãîðàçäî áîëüøå ãðàíèö, ÷åì êëàññè÷åñêèå ôèëüòðû. Ïî êîëè÷åñòâåííûì
îöåíêàì, ïðîãðàììó ìîæíî îòíåñòè ê äîïóñòèìîé äëÿ èñïîëüçîâàíèÿ ïðè âûáîðå ôèëü-
òðà. Ïðîãðàììà íóæäàåòñÿ â îïòèìèçàöèè, íî ýòî íå âëèÿåò íà âûáîð ôèëüòðà. Òàêèì
îáðàçîì, ïîëó÷åííûå ðåçóëüòàòû ìîæíî èñïîëüçîâàòü äëÿ ðåøåíèÿ çàäà÷è ìîäèôèêàöèè
ñëîÿ íåéðîííîé ñåòè íåîêîãíèòðîí.
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