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3anpononoeano 0goemannui memood
BU3HAYMEHHS eNleMeHmi6 00°ckmie MiCb-
Koi in(pacmpyxmypu ma 300padxcennsx
3 cucmem nosimpanozo monimopuney. Ha
nepuwomy emani memooy 3anponoHO6aHo HA
300panceHnax GusHauamu KoHmypu 00’ex-
mis. Y saxkocmi mMemooy GUIHAYEHHS KOH-
mypie oopano yoockonanenui memoo Kanni.
Pozensnymi ocnoeni emanu yoockonaneno-
20 memody Kanni wodo eusnauwenmns wom-
mypie 00’ckmié Ha 306paNCEHHAX 3 cuCmeM
nosimpanozo mowimopunzy. Ha Oopyzomy
emani 3anponoHo6aHO GUKOPUCMANHS nepe-
meopenns Xaga.

Busnaveni ocooaueocmi memooy eusna-
YenHa enemenmie 06’ckmie micvkoi indpa-
CmpyKmypu Ha KOJIbOPOGUX 300PaANCEHHAX 3
cucmem nosimpanozo monimopuney. Ha 6i0-
Miny 610 eidomux, y mMemooi 6paxosami 0coo-
JUBOCHI POPMYBAHHSA 300PANCEHHS 3 CUCTIEM
nosimpAn020 MOHIMOpUHZY, 6UOLNAIOMBCS
KONbOPOGi Kanauu, y KOHCHOMY KOTbOPOGO-
My Kanani GUOINAIOMbCA KOHMYypu ma 2eo-
Mempuuni npuMimueu, npoeoouUmMvCsa 360-
pomie 06'€OnHann KONbOPOBUX KAHANIE ma
BUSHAUAIOMBCS eJleMEeHMmU 00°€Kmié Micvb-
Ko0i inppacmpyxmypu y npocmopi 6uxionoz0
300padicenns.

Haeeoeni pesynvmamu 3acmocyean-
HA Memooy 6uU3HAueHHs eJiemenmie 00’ck-
mie Micvkoi iHppacmpyxmypu nHa munogo-
MY KONbOPOBOMY 300pAdCeHHi 3 Cucmemu
nosimpsnozo monimopunzy. Ha pesyavmy-
1040MY 300padicenti 01 npuKaIady eusHauenl
enemenmu 00’ckmie Micokoi iH@pacmpyx-
mypu: dopoeu, Oyounxu, GYauui, ejemernmu
3a6y006u mouio.

IIposedena eisyanvna ouinka saxocmi
00po0KU MUN06020 KOJILOPOEO2O 300padice-
M 3 cucmemu nOGIMpANH020 MOHIMOPUHZY.
Pospaxosani nomunxu nepuwiozo ma opyzo-
20 pody. Bcmanoeaeno, wo 3acmocyeamn-
Hs 060emant0z0 Memooy GU3HAMEHHs eJle-
Menmie 06’ckmie Micvkoi inpacmpyxmypu
Ha 300padcenni 3 cucmemu noGIMpAH020
Monimopuney 00360umv nidGUUUMU AKICMb
00pOOKU ONMUKO-eNeKMPOHHUX 300padicens.
IIpu uyvomy nomunxu susnauenns eaemenmis
00’exmie micvbKoi iHppacmpykmypu neputozo
ma 0py2020 pody 3HudiCeHi 6 CepeOHbOMY HA
eeauuuny 13 %

Kmouoei ciosa: 6opmosa cucmema cno-
cmepejcents, eemenmu 06°ckmié MicoKoi
ingpacmpyxmypu, memoo Kanni, nepemeo-
penns Xaga
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1. Introduction

information acquired from air monitoring systems in various

It is known that application of aeronautical means, such

fields [3-7]:

—land use (creation of land cadasters, inventory of land

as space systems, aircraft, drones, etc., makes monitoring of  plots, land delineation);

urban infrastructure most effective [1, 2]. It is possible to use

— architecture (design of general layouts, landscape design);



— cartography (creation of a city map);

—urban planning (city development planning, urban
infrastructure development planning);

— design and construction (design of highways and rail-
roads, general layouts, electrical and pipeline networks);

— military affairs (planning of hostilities in a city, recon-
naissance);

— demography and statistics (demographic and statisti-
cal analysis), etc.

The objects of urban infrastructure are streets, build-
ings, structures, bridges, highways, roads, transport in-
terchanges, railways, oil and gas pipelines, power lines,
etc. [6—8]. The information on objects of an urban in-
frastructure obtained from air monitoring systems gives
possibility to evaluate changes in a city quickly and to
keep updating information for geoinformation systems [5].
Determination of elements of urban infrastructure objects
is important for mapping and cadastral accounting of real
estate objects, state accounting of buildings, structures,
premises, objects of unfinished construction, municipal
geoinformation systems, etc.[3,6-7]. People apply air
monitoring information widely to manage railway in-
frastructure. Development of methods for monitoring,
evaluation and control of the state of surface facilities,
including elements of urban infrastructure objects, is expe-
dient [5, 9]. Identification of elements of urban infrastruc-
ture objects is also expedient for transformation of paper
archives of topographic plans of territories into digital
form. The major time expenditure takes the stage of vector-
ization of selected elements of urban infrastructure objects
and geographic mapping of them to the digital map of an
area [7]. Image vectorization based on definition of ele-
ments of urban infrastructure objects is also relevant when
creating mobile robotic complexes. Such a problem arises
when it is necessary to transmit information for its further
analysis [1, 2, 10]. Vectorization of contours in images gives
possibility to transmit only the characteristic information
in a compact form, and not all the image, which increases
the data transfer rate significantly [1, 2, 10].

Therefore, it is important to develop a method for de-
termination of elements of urban infrastructure objects on
images acquired from air monitoring systems, taking into
account contrast and shape of elements.

2. Literature review and problem statement

Let us carry out a brief analysis of known methods for
determination of contours and boundaries of objects of in-
terest in heterogeneous images, including images made by
air monitoring systems.

Authors of paper [7] proposed methods of connection
(stitching) of contours and comparison using a pattern. The
disadvantages of the methods are complexity of practical
implementation, high calculational costs and a need to use a
priori information about the original image.

Work [9] proposed methods for digital image processing
based on the use of a two-dimensional differential Laplace
scalar operator. The main disadvantages are inability to de-
termine the direction of a border and not highlighting, but
only underlining of the difference in brightness.

Authors of work [10] proposed gradient methods to de-
termine boundaries. They calculate the complete vector of
an image gradient. The main disadvantages are complexity

of resolution of the Bayesian problem and a need for a priori
knowledge of conditional probabilities of gradient values.

The authors applied various methods of spatial differen-
tiation (Sobel, Previt, Roberts, Wallis, sequential masking,
etc.) to determine boundaries of an image in work [10].
The main disadvantages of the methods are presence of
discontinuities, dots and strokes, which form an interfering
background, a need to know the initial approximation to the
desired boundary and considerable calculational cost. The
disadvantage of sequential masking methods is a reduction
in the contrast of an image and blurriness of an image.

The disadvantage of the Laplacian-Gaussian (LoG)
method [10] is the non-directionality of the Laplace and
Gauss operators. Due to this, the method sensibly responds
to changes in brightness in a parallel direction, which reduc-
es the signal-to-noise ratio.

Paper [11] proposed the use of the active contour meth-
od. The disadvantages of the method are high accuracy of
initial approximations and considerable calculational cost.

Authors of work [12] used the multi-tasked convolutional
neural RoadNet network (Wuhan University, China) to
determine road networks in images made by air monitoring
systems. However, the use of the RoadNet network can
identify road networks only. There are some difficulties in
identification of other elements of urban infrastructure. A
network needs training, accurate initial values, etc.

Work [13] proposed application of neural networks for
mapping and land cadaster using images made by World
View-2 system (DigitalGlobe, United States). The methods
proposed in [13] solved problems for rural areas. The appli-
cation of methods [13] for definition of elements of urban
infrastructure is difficult.

Authors of paper [14] proposed to use the ant method of
thematic segmentation to determine contours in an image.
The main disadvantage of the method is over-segmentation,
that is, the presence of a large number of contours of small
objects (“rubbish” objects) in a resulting image.

Paper [15] proposed using multiscale processing of im-
ages made by air monitoring systems according to the ant
algorithm. The main disadvantage of the method is marking
out of areas that may be objects of interest, not contours.

Work [16] proposed the method of artificial bee colony
for thematic segmentation of optical-electronic images. The
work outlines the essence of the method. The disadvantage
of the method is a considerable calculational resource.

Authors of work [17] advanced the results from work [16].
They formulated optimization problem of segmentation of
images made by air monitoring systems by the method of
artificial bee colony. The disadvantage of the method is that
it defines not contours of objects of interest, but areas, which
are potential objects of interest.

Thus, the resolution capability of modern air monitoring
systems makes it possible to identify urban infrastructure
objects by known methods [9-17]. The aim of the most of
known methods [9—17] is definition of contours and bound-
aries of objects in heterogeneous images, including images
made by air monitoring systems. The basis of operation of
the methods is definition of contours and boundaries due to
differences in brightness. The methods are effective for pro-
cessing of tone images with clear blur-free boundaries. But if
one processes a color image, for example, in the Red-Green-
Blue (RGB) color space, there will be conversion of a color
image into tone one without taking into account information
in each color channel. And then the method will determine



contours and boundaries. One may lose information on each
color space channel. In addition, the known methods may
not determine the direction of a border; they underline the
difference in brightness only. They require a priori knowl-
edge of values of the gradient and have breaks under the
influence of background noise and blurred boundaries. They
reduce the contrast of an image, etc.

The base of another group of known methods [18-21] is
the fact that urban infrastructure objects consist of geomet-
ric primitives (straight lines, circles, etc.). Such methods op-
erate according to the Radon integral vector transform [18]
and the Hough transform [19—-21]. The mentioned methods
provide a qualitative determination of geometric primitives
in images made by air drones, for example, for detection of a
power line in a forest area [19].

Authors of work [18] use the Radon integral vector
transform for determination of geometric primitives in imag-
es. The disadvantage of the Radon transform for definition of
elements of urban infrastructure objects is its calculational
complexity. The number of mathematical operations for geo-
metric primitives and geometric objects of a complex shape
does not differ.

Authors of paper [19] used a partial case of the Radon
transform, that is a Hough transform [21] for determina-
tion of geometric primitives in images made by air drones
for detection of a power line in forest area. Application
of the Hough transform is appropriate for definition of
geometric primitives in images, which are simple in terms
of location of objects. These can be images of woodlands,
agricultural fields, rivers, seas, oceans and more. Hough
transform defines a large number of “rubbish” objects in
images with complex structures of a city. This fact affects
a quality of further decryption of urban infrastructure im-
ages significantly.

Paper [20] proposed to use the Canny boundary selec-
tion method to determine boundaries in an image. The Can-
ny method is the most effective method for determination of
boundaries. The Canny method provides a high probability
of detection and high accuracy of localization. The disad-
vantage of the Canny method is destruction of boundaries
at junction points.

Computer-based remote sensing decrypting technol-
ogies use specialized software [17] for Earth sensing. The
most common software tools for processing of Earth remote
sensing materials are ERDAS IMAGINE, TNTmips, ER
Mapper, ENVI, GRASS, INTERGRAPH, Arc View, Scan-
Viewer, IMAGE Transformer, MODIS Processor, IRS Pro-
cessor, ScanMagic, SCANEX NERIS, LESSA and others.
Some software tools do not resolve tasks of identification
of elements of urban infrastructure objects at all; others use
well-known methods for identification of boundaries and
contours.

The analysis showed that we can’t apply the existing
methods of identification of object boundaries and contours
directly to definition of elements of urban infrastructure
objects in images made by air monitoring systems. They do
not take into account features of formation of images made
by air monitoring systems and their complexity.

Authors of paper [22] used the methods of determination
of contours, boundaries and transforms of Radon and Hough
consistently in processing of tone medical images for deter-
mination of geometric primitives. The results of [22] make it
possible qualitative determination of geometric primitives in
medical images. However, medical images [22] are tone only;

they differ significantly from images made by air monitoring
systems by their structure.

Images made by air monitoring systems are complex [17]
and contain a large number of heterogeneous objects. There-
fore, it is necessary to take into account complexity of struc-
tured images made by air monitoring systems in application
of the well-known methods for determination of boundaries,
contours, and Radon and Huff transforms for identification
of elements of urban infrastructure objects. The identifica-
tion of elements of urban infrastructure objects means defi-
nition of geometric primitives of these objects. We should
take into consideration that elements of urban infrastructure
objects are contrast and consist of simple geometric primi-
tives. This fact is a decisive feature of elements of urban in-
frastructure objects. We set out the task to develop a method
for identification of elements of urban infrastructure objects
in tone and color images made by air monitoring systems us-
ing sequentially contours, boundaries, and Hough transform
methods in further study.

3. The aim and objectives of the study

The objective of the study is to develop a method for
identification of elements of urban infrastructure objects in
tone and color images made by air monitoring systems.

It is necessary to solve the following problems to achieve
the objective:

— presentation of the basic principles and stages of the
method for determination of elements of urban infrastruc-
ture objects in tone images made by air monitoring systems;

— identification of features of the method being devel-
oped for identification of elements of urban infrastructure
objects in color images made by air monitoring systems;

— processing of a typical color image made by an air mon-
itoring system to identify elements of urban infrastructure
objects;

— evaluation of errors of first and second kinds in iden-
tification of elements of urban infrastructure objects in a
typical color image made by an air monitoring system.

4. Materials of the study on determining elements of
urban infrastructure objects according to the results from
air monitoring

4. 1. Basic principles and stages of the method for de-
termination of elements of urban infrastructure objects in
tone images acquired from air monitoring systems

Identification of elements of urban infrastructure objects
in the image (1):

J(X, Col), @)

where X=(x, y) is the vector of pixel coordinates of the im-
age; Col is the color space of the image representation pro-
vides definition of Q(X, P) contours with P(py, pa, ..., pn)
parameter vector.

We can see from Q(X,P) contour notation that the
function, which describes the contour, depends on two
parameters. They are X pixel coordinates characterized by
brightness and geometric parameters of P contour. As we
noted above, elements of urban infrastructure objects are
contrast and consist of simple geometric primitives. There-



fore, we consider the method for determination of elements
of urban infrastructure objects as a two-step method. The
first stage analyzes the decrypting feature — brightness.
The second stage analyzes the decrypting feature — the
geometric shape and parameters of P element of the urban
infrastructure object.

Fig. 1 shows a general diagram of the method for de-
termination of elements of urban infrastructure objects in
images made by air monitoring systems. The diagram rep-
resents the sequence of actions of the proposed method.

J(X, Col) function transforms into f(X) function, where
J(X) is the brightness of the tone image, which changes in
the interval of [0...255], in the first stage of the analysis of
the brightness and the definition of contours in the tone
image. There is a contour point at X point when the absolute
value of the discrete gradient exceeds a certain threshold
level m>0 (expression (2)):

A= AXAD-A(X)|zm <=>{XeQ(X, P)}, 2)

where I is the unit matrix.

We use the advanced Canny method for the first
stage [17]. The first step of the method for determination
of elements of urban infrastructure objects in images made
by air monitoring systems includes the following blocks

(Fig. 1).
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Fig. 1. General diagram of the method for determination of
elements of urban infrastructure objects in images made by
air monitoring systems

Block 1. Smoothing. It is necessary to reduce the effect
of noise on boundary determination. The Gaussian filter is
used for it (3):

/(x, y)=ie[’i;gz], 3)

2nc

where o is the blur parameter.
One should choose the value of the blur parameter to
provide the highest noise suppression. We use the larger val-

ue of the parameter to highlight large contours, and the less
one to highlight thin contours and small details.

Block 2. Search for a gradient. One uses the Sobel opera-
tor to determine the gradient in the image after the Gaussian
filter (3). The basis of Sobel’s transformation is the assump-
tion that the brightness difference function becomes much
larger on borders. One can conclude from this assumption
that it is sufficient to differentiate f(x,y) brightness func-
tions (4), (5) to find the borders:

of (vy) . [la+dy,y)-f(xy)

ox =Ar= dx ’ @
of (xy) _ o [lry+dy)-f(xy)

o =Ay= a . 5)

One can measure dx and dy between two points in pixels
by expressions (6), (7) in discrete images:

Ax=f(i+1,j)=/(. J), ©6)
Ay=/(, j+1) /(. ). (7N
The expression (8) determines the value of G gradient:

G=(Ax) +(Ay)’, ®

and we determine 0 direction from expression (9):

Ax
06 =arctan (Ay) (€)]

We evaluate the gradient using masks in expressions

(8), 9):
(o)
Ax = ,
0 0

Aye -1 0
1 o)
The major disadvantage of using (10) and (11) masks in
the classic Canny method [17] is a large number of errors due
to noise. In addition, the use of masks of the pair order in the
classic Canny method [17] does not make it possible to carry
out evaluation based on a pixel centered on the mask.

Unlike the classic Canny method [17], we use the Sobel
operator with masks (12), (13) for evaluation of the gradient:

(10)

(1

10 1

K, =|-2 0 2|, 12)
-1 0 1
1 2 1

Ke=[0 0 0 (13)
-1 -2 -

There is the coefficient 2 used for the average elements
in expressions (12), (13) (in comparison to (10), (11)). In
contrast to the classic Canny method [17], we reduce the
smoothing effect. Values and the direction of a value of G
gradient take the forms (14), (15), respectively:



G=\/G+G?,

(14)

Gzarctan[|gx|J. 5)
Yy

As a result of using the Sobel operator with masks (12),
(13), the intensity of each pixel of the output image is equal
to the gradient of the brightness vector.

Block 3. Suppression of false maxima. The objective
of this stage is to turn “blurred” boundaries into “clear”
ones. We achieve this by maintenance of local maxima and
removal of everything else. There are the following steps
performed for each pixel:

— the rounding of direction of the gradient to the nearest
value, which is a multiple of 45° (Fig. 2, a);

—if there is the local maximum reached at the current
point in the direction of the gradient, then it is part of a
boundary;

— otherwise the point is deleted (Fig. 2, b).

L] L] L] ] L]
L] L] [ ] L]
Gradient / 4
L] L ] Q L] L]
r
L] L] L] L]
a

Fig. 2. Search for local maxima: @ — p and r maxima are
interpolated (deleted); b — the principle of suppression of
false maxima

Fig. 2, b illustrates the suppression principle. All pixels
have an upward orientation in Fig. 2, b, so we compare the
gradient value at these points to the pixels below and above.
The pixels outlined by white color in Fig. 2, b remain in the
output image, the other ones will be suppressed.

Block 4. Double threshold filtration (Fig. 3). Each pixel,
which exceeds the upper threshold, is a “strong” pixel. Each
pixel, which falls between two thresholds, is a “weak” one.
The brightness of “weak” pixels assumes a fixed average
value and will be refined in the next stage. Pixels, which are
smaller than the lower threshold, are deleted.

The use of a double threshold gives possibility to reduce
an effect of noise (due to the upper threshold) and not to lose
“tails” (due to the lower threshold).

Block 5. Unlike in the classic Canny method [17], we
trace the uncertainty area in the block 5. The task is to
isolate groups of pixels, which got an intermediate value in
the previous stage, and to assign them to a boundary (if they
are connected to one of the boundaries) or to suppress them

(otherwise). This block makes it possible to reduce missing
of pixels in definition of object contours.

Brightness
Upper threshold
\/ V Lower threshold
Pixels

Fig. 3. The use of two thresholds

Thus, we determine contours of objects at the first
stage of the method for determination of elements of urban
infrastructure objects in images made by air monitoring
systems. The main decrypting feature is the brightness of
pixels in the image. We choose the advanced Canny meth-
od. Unlike the known method, it uses the Sobel operator
with masks of (3x3) to evaluate the gradient and it traces
the area of uncertainty additionally, which reduces the
smoothing effect and missing of pixels in determination of
object contours.

The second stage analyzes the decryption feature — the
geometric shape and P=(py, po, ..., py) parameters of ele-
ments of the urban infrastructure object. We use the Hough
transform for straight lines [21] to determine (py, p2, ..., PN)
parameters at the second stage. One calls P=(py, ps, ..., pN)
space parametric.

For each (x, y) contour point, we perform the procedure
of increasing of the value of all cells of P=(py, ps, ..., pN)
parametric space with (py,ps, ..., pn) coordinates, which
satisfy equation (16), by one:

P(p1, D2, - PW)=P(P1, P2, s PN FL
v(pﬁpZ? ---,PN)3 Q(X’pﬁp% ---7pN):0’ (19)
where P(p1, pa, ..., py) is the new value of the cell of the para-
metric space; P*(pq, po, ..., py) is the previous value of a cell
of the parametric space.

The coordinates of cells in the parametric space will
generally correspond to the figures in the image after recal-
culation for all points of the contour.

The elements of urban infrastructure objects generally
have the shape of a straight line [6—8]. Therefore, one can
represent the equation of a line, which passes through a point
with (x,y) coordinates, as (20) (Fig. 4):

xcos(@)+ysin(e)=p, (20)
where p is the distance from the origin of coordinates to the
straight line (a beam); ¢ is the angle between the abscissa
and the beam.

One can represent the parametric space as (21):

P(p, ), 21
each its cell has (p, @) coordinates.

Thus, for each (x,y) contour point, we perform the
procedure of increasing of the value of all cells of the
parametric space (21) with coordinates by equation (22),

(x, y):



P(p, 9)=P"(p, 9)+1 V¥ (p, 9): Q(X, p, 9)=0, (22)

where P(p, ¢) is the new value of a cell of the parametric
space; P*(p, 9) is the previous value of a cell of the parametric
space.

by

G\ » X

Fig. 4. Parameters of the direct element of urban
infrastructure objects

Thus, we consider the method for determination of ele-
ments of urban infrastructure objects as a two-step method.
The first stage analyzes the decryption feature — brightness.
The advanced Canny method was chosen for the analysis.
Unlike the known method, it uses the Sobel operator masks
of (3x3) sizes to evaluate the gradient and it traces an uncer-
tainty area, which reduces the smoothing effect and missing
of pixels in determination of contours of objects.

The second stage analyzes the decryption feature — the
geometric shape of an element of an urban infrastructure
object. At this point, the Hough method was chosen for the
analysis.

One should note that this method is applicable for tone
images. Therefore, for further research, let us look at features
of the method for determination of elements of urban infra-
structure objects in color images made by air monitoring
systems.

4. 2. Features of the method being developed for de-
termination of elements of urban infrastructure objects in
color images made by air monitoring systems

We have color images made by air monitoring systems
presented in the Red-Green-Blue (RGB) color space. This
fact is taken into account when determining elements of
urban infrastructure objects in color images made by air
monitoring systems. In contrast to known methods [9-11]
of contour determination, there is recommendation not to
proceed to a tone image immediately and then to the bina-
rized image in processing of color images, due to the fact that
elements of urban infrastructure objects are in all three RGB
color channels at the same time. If object elements are in one
color channel only, an element may be of natural origin (for
example, river); if objects are in two color channels at the
same time, element classification is difficult (this may be, for
example, field road, etc.). The above is an additional decryp-
tion feature of elements of urban infrastructure objects in
color images made by air monitoring systems.

In view of the above, Fig. 5 shows the sequence of actions
of the method.

The method involves:

— an input of the output color image: f(X) (X=(x, v));

— definition of color channels in the output f(X) color
image: fr(X), fo(X), /5(X) (where fa(X), fo(X), [5(X) are
the images by Red, Green, and Blue color channels, respec-
tively);

— definition of the brightness channel in each color chan-
nel of the output image: f(X), fo(X), f3(X);

— determination of elements of urban infrastructure ob-
jects in images made by air monitoring systems in each color
channel by the method (Fig. 1) and obtaining of images by
each color channel: fsp(X), fs¢(X), fsp(X) (where fsp(X),
Jso(X), fsp(X) are the images with defined elements of ur-
ban infrastructure in Red, Green, and Blue color channels,
respectively);

— back transfer to RGB color model (integration of color
channels);

— obtaining of the processed fs(X) image.
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Fig. 5. The method for determination of elements of urban
infrastructure objects in color images made by air monitoring
systems

Therefore, there are the following features of the method
for determination of elements of urban infrastructure objects
in color images made by air monitoring systems. Unlike the
known ones, the method takes into account features of for-
mation of images made by air monitoring systems. It high-
lights color channels and marks out contours and geometric
primitives in each color channel. It re-integrates color chan-
nels and identifies elements of urban infrastructure objects
in the space of an output image.

4. 3. Results of processing a typical color image made
by an air monitoring system for determination of ele-
ments of urban infrastructure objects

Fig. 6 shows the image acquired from ITkonos spacecraft
air system (DigitalGlobe, United States) [14]. The image is
in RGB color space. The image size is (3,000x4,000) pixels.
The image (Fig. 6) is a typical image of a city with elements
of urban infrastructure objects. Therefore, there is only one
typical image, which takes into account all features of city
images made by air monitoring systems, in the experimental
studies.



(DigitalGlobe, United States) [14]

Fig. 7 shows the implementation of the first stage of the
method for determination of elements of urban infrastruc-
ture objects according to the results of air monitoring.

Fig. 7. The image after the first stage of the method for
determination of elements of urban infrastructure objects
according to the results of air monitoring

The first stage analyzed the decryption feature — bright-
ness — and used the advanced Canny method.

Fig. 8 shows the image after the second stage of the
method for determination of elements of urban infrastruc-
ture objects according to the results of air monitoring.

Fig. 8. The image after the second stage of the method for
determination of elements of urban infrastructure objects
according to the results of air monitoring

Fig. 7, 8 show images in pseudo-colors after integration
of color channels for visual demonstration of the method.
The rules for integration of color channels are as follows:

—if a pixel of the image relates to the boundary in all
three channels of the Red-Green-Blue color space at the
same time, this pixel becomes white;

—if a pixel of the image relates to the boundary in the
Red channel and there is no determination of a boundary in
the Green and Blue channels, this pixel becomes red;

—if a pixel of the image relates to the boundary in the
Blue channel and there is no determination of a boundary in
the Green and Red channels, the pixel becomes blue;

—if a pixel of the image relates to the boundary in the
Green channel and there is no determination of a boundary
in Red and Blue channels, it becomes green;

—if a pixel of the image relates to the boundary in the
Green and Blue channels at the same time and there is no
determination of a boundary in the Red channel, this pixel
becomes blue;

—if a pixel of the image relates to the boundary in the
Red and Blue channels at the same time and there is no
determination of a boundary in the Green channel, the pixel
becomes purple;

—if a pixel of the image relates to the boundary in the
Red and Green channels at the same time and there is de-
termination of a boundary in the Blue channel, the pixel
becomes yellow;

—if there are no boundaries defined in all three Red-
Green-Blue channels at the same time, the pixel becomes
black.

Fig. 9 shows the processed image for demonstration of
the use of the additional decryption feature for determi-
nation of elements of urban infrastructure objects in color
images.

Fig. 9. The image with identified elements of urban
infrastructure objects taking into account their presence in
processing channels

We obtained colors in Fig. 9 according to the following
rules:

— if there is a geometric primitive in all three channels
of the color space of the RGB image representation (Red-
Green-Blue) at the same time, the pixel is blue;

—if there is a geometric primitive in one of the three
channels of the color space of the RGB image representation
(Red-Green-Blue), the pixel is green;

— if there is a geometric primitive in two channels at the
same time and it is absent in another channel in the color
space of the RGB image representation (Red-Green-Blue),
the pixel is green.

Fig. 10 shows only the identified elements of urban
infrastructure objects, which are of artificial origin. Such
elements are blue in Fig. 9.



Fig. 10. The identified elements of urban infrastructure
objects

Decryption of the defined elements of urban infrastruc-
ture objects, their identification, thematic classification and
more are the subject of further research and remain beyond
the scope of this study.

4. 4. Evaluation of errors of first and second kinds in
determination of elements of urban infrastructure objects
in a typical color image made by an air monitoring system

We selected errors of first and second kinds as indicators
for the evaluation of the quality of determination of elements
of urban infrastructure objects in a typical color image made
by an air monitoring system. The maximum likelihood crite-
rion, which follows from the generalized minimum risk crite-
rion [23], determines errors of first (oy) kind and second (By)
kinds in determination of elements of urban infrastructure
objects. We calculate errors of first oy and second kind B,
(23), (24) in determination of elements of urban infrastruc-
ture objects, respectively [23]:

51(f5(x))

M) “
_q_ Sy (fs(X))
SI) .

where Si(fs(X))is the area of background zones mis-
takenly assigned to elements of urban infrastructure in
Js(X) image; So(f(X)) is the area of background zones of
the output f(X) image; S3(fs(X)) is the area of correctly
defined elements of urban infrastructure in fs(X) image;
S4(f(X)) is the area of urban infrastructure elements in the
output f(X) image.

We perform calculations by expressions (23), (24) under
the same conditions, the same signal-to-noise ratio for the
methods for determination of elements of urban infrastruc-
ture objects, but by the advanced Canny method (Fig. 7) and
by the two-stage method (Fig. 10). We calculate Si(/s(X))
and S3(fs(X)) values for evaluation of errors of first and sec-
ond kinds in Fig. 7, 10. There are Sy(f(X)), S4(f/(X)) values
calculated in the output image (Fig. 6).

Table 1 gives the values of errors of first and second kinds
calculated for expressions (23), (24) for the Canny method
(Fig. 7) and the developed method (Fig. 10).

The analysis of data from Table 1 indicates an improve-
ment in the quality of processing of images made by air
monitoring systems when using the developed method for
determination of elements of urban infrastructure objects.

Errors of first and second kind in determination of elements
of urban infrastructure objects reduced by 13 % on average.

Table 1

Evaluation of errors of first and second kinds in
determination of elements of urban infrastructure objects by
various methods

Methods of determination of elements Cann The developed
of urban infrastructure objects y method
ay, % 22.19 9.30
B2, % 26.71 13.22

5. Discussion of the results of development of the method
for determination of elements of urban infrastructure
objects in images made by air monitoring systems

We have defined the essence of the method for determi-
nation of elements of urban infrastructure objects in images
made by air monitoring systems. The method consists of two
stages. The first stage analyzes the decryption feature — the
brightness. The advanced Canny method was chosen for
the analysis. In contrast to known method, it uses the Sobel
operator with masks of (3x3) sizes to evaluate the gradient,
and it traces an uncertainty area additionally, which reduces
the smoothing effect and missing of pixels in determination
of contours of objects. The second stage analyzes the decryp-
tion feature — the geometric shape of an element of an urban
infrastructure object. At this point, we chose the Hough
method for analysis.

The features of the method for determination of elements
of urban infrastructure objects in color images made by air
monitoring systems are as follows. Unlike the known meth-
ods, the method takes into account features of formation of
images made by air monitoring systems. It highlights color
channels and marks out contours and geometric primitives
in each color channel. It re-integrates color channels and
identifies elements of urban infrastructure objects in the
space of an output image. It takes into consideration an addi-
tional decrypting feature of elements of urban infrastructure
objects in color images in RGB color space. The elements of
urban infrastructure objects locate in all three RGB color
channels at the same time. If elements of objects are in one
color channel only, the element may be of natural origin; if
elements of objects are in two color channels at the same
time — the classification of elements is difficult.

Experimental studies to identify elements of urban infra-
structure objects were carried out. The results of the method
of determination of elements of urban infrastructure objects
after each stage were given. We identified elements of urban
infrastructure objects in the resulting image, such as houses,
roads, buildings, bridges, and more, as an example.

We evaluated the quality of determination of elements
of urban infrastructure objects in a color image made by an
air monitoring system by the proposed method and by the
Canny method. The errors of first and second kinds were
calculated in determination of elements of urban infrastruc-
ture objects for the quantitative evaluation of the quality of
processing. It was established that the use of the developed
method for determination of elements of urban infrastruc-
ture objects reduces errors of first and second kinds in de-
termination of elements of urban infrastructure objects by
13 % on average.



The main disadvantage of the developed method for
determination of elements of urban infrastructure objects in
images made by air monitoring systems is a need for a signif-
icant calculational resource.

For carrying out further research, it is necessary to:

— develop a method of multiscale processing of images
made by air monitoring systems;

— calculate information indicators for determination of
elements of urban infrastructure objects.

6. Conclusions

1. We have presented the basic principles and stages of
the method for determining elements of urban infrastructure
objects in tone images acquired from air monitoring systems.
The essence of the method is the sequential analysis at the
first stage of the decryption feature — brightness, and at the
analysis of the decryption feature — the geometric shape of
element of an urban infrastructure object at the second stage.

2. The features of the method for determination of
elements of urban infrastructure objects in color images
made by air monitoring systems are as follows. In contrast

to known methods, the method takes into account features
of formation of images made by air monitoring systems. It
highlights color channels and marks out contours and geo-
metric primitives in each color channel. It re-integrates color
channels and identifies elements of urban infrastructure
objects in the space of an output image.

3. We carried out experimental studies to determine
elements of urban infrastructure objects in a typical color
image made by an air monitoring system by the developed
method. The experimental studies confirmed productivity of
the developed method for identification of elements of urban
infrastructure objects. We presented the results of image
processing after each stage of the method to make the study
clearer. The processed image identifies possible elements of
urban infrastructure objects, such as roads, homes, build-
ings, bridges, and more.

4. We evaluated the quality of the method for determi-
nation of elements of urban infrastructure objects in images
made by air monitoring systems. It was established that
application of the developed method for determination of
elements of urban infrastructure objects in a typical image
made by an air monitoring system reduces values of errors of
first and second kinds by 13 % on average.
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