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Abstract—The paper is devoted to the study of algorithmic
and mathematical apparatus that can allow solving the
problems of detection, capture and recognition of the objects
of various classes. It can also help to determine the geometric,
kinematic and dynamic parameters of the state and behavior
of such objects within a wide range of possible values. In the
study, the algorithmic support is developed allowing
processing a series of primary images to generate patterns
(mapping). The pattern mapping features are then used as
informative parameters. Accounting for the fact that the
graphic data formats are among the largest ones, one
understands that, for the modern data processing systems,
graphic data processing is a rather complex operation
involving both the computationally intensive formalization of
the obtained data in the form of visual patterns and the
processing time minimization. The proposed image analysis
can make it possible to reduce the cost of the procedure for
obtaining the parameters of the moving objects in comparison
with the methods currently in the wide use. Acceptable
accuracy will still be ensured. Also, this method does not
require a diversity of equipment to determine the largest
number of object parameters and to present the obtained data
in a uniform format. The paper considers how the blur
pattern may appear in the object image and tests the
possibility of its processing to obtain data on the geometric,
kinematic and dynamic parameters of the real object
behavior.

Index Terms—Measurement and monitoring system, image
analysis, medium parameters, pattern boundary layer, motion
blur, probability of error, simulation

I. INTRODUCTION
All the aspects of the current state of such branches of
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human economic activity as transport, construction,
industrial production and security can be characterized by
the generation of the primary data on the studied objects,
including the ones that are monitored and controlled in
automatic mode. The tendency of automating the data array
generation at the very earliest stages of operation of
software and hardware complexes is displayed by a wide
range of data-measuring and control systems. Such systems
deal with obtaining, processing and application of data both
on the operation of technical and technological processes
and on the state and behavior of natural and man-made
objects and phenomena [1].

A number of issues must be resolved before automated
monitoring systems can be properly designed, built, and
operated. Among these issues is determining the parameters
of the state and behavior of the desired objects relative to
the monitoring complex. They include the distance between
the hardware installation and the desired object, the size
and shape of the object, its speed and direction of its
motion. The choice of the criteria providing a correct
classification of the desired objects is another issue.

Obtaining primary data in such systems can be realized
through the technical modules emitting electromagnetic waves
in various frequency ranges and processing the radiation
reflected from the studied object. Different types of equipment
such as ultrasonic diagnostics systems, echolocation systems,
laser range finders, various satellite and ground tracking
systems are designed based on this very principle. Another way
to extract primary data on the studied object is to process image
patterns obtained by visual-optical, visual, television, photo and
video supervisory control systems, night viewing systems, etc.
The image generation can be carried out not only in the visible
optical range, but also within the infrared (thermal imagers)
and ultrasonic (underwater echolocation) spectrum. The control
and monitoring complexes considered in the present paper are
the nondestructive testing systems, since there are no direct
impacts on the object that can cause its deformation and the
changes in its performance characteristics. Such systems
implement the second method for extracting primary data by
generating a series of images of the studied object and the
environment around it with their subsequent analysis [2]-[5].

At the same time, the data extracted during object image
processing is the closest one to the patterns that the human
brain forms and processes. No active devices emitting
electromagnetic radiation of certain wavelengths that
consume significant energy and affect the environment and
living organisms are required. And thus one will also not
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face the danger that such devices could be detected by the
third-party systems that interfere into the operation of
monitoring and control systems and sometimes explicitly
oppose data and measurement processes.

Il. THE MosT COMMON METHODS OF DATA ACQUISITION
FROM THE OBJECT IMAGE

One of the most widely used visual methods is the
stereoscopic vision application [6]. But in this case some
difficulties may arise due to a high stereo system setting
sensitivity and a number of additional procedures that
appear necessary. The calibration of the cameras and the
rectification of the images they produce are among them
[7].

By the image of the object, one can estimate the distance
to it, as well as its speed. It is accomplished through
estimating the image blur: when the object is in the focus of
the optical system, its image is the sharpest one, while the
other object positioning leads to vivid blurring displaying
itself in the circles of unsharpness.

To get data on an object by means of blur estimation, one
can present the object visual image as the set of complex
Haar’s primitives and use wavelet analysis of the greatest
possible number of images to fully evaluate the sharpness.
Such approach has entirely proved its feasibility in the
cases when it is the video- and photo fixation system that is
in motion but not the observed object.

A refined estimation of the signal blur becomes possible
when one carries out the double synthesized image blurring
by applying the functions with the common Gaussian cores
o, and oy, that leads to generating the signals b, and b,

whose reduced difference is then calculated [8]:
r(x)=[b(x) b (x) [/ [ba (x) by (x)].

There the function r(x) will have its maximum values in

the points where the blur simulation signal amplitude
changes considerably. It allows calculating the blur o, that
can be considered as remaining the same within the total
image area. If the condition o,0, >c holds, then the

expression for the general blur takes the form:

S>> Sasb/[(sb _Sa)rrmx (X)+Sb ]

After that, one can produce the depth map for the
motionless object according to the chart suggested in Fig. 1.

While estimating the blurring of the motionless object
(its speed is substantially lower than the speed of the
camera) and when the moving photodetector is used, the
expression o= f AY/r= fvAt/r=fv/kr is applicable
where f is the focus distance of the photodetector; AY is
the actual motion distance of the object at the speed v and
the time At; r is the distance from the photodetector to the
object; k is the number of the frames per second that the
image pattern demonstrates.

The radius of the blur appearing due to the camera

Focal plane Lens

Fig. 1. Model of defocusing in the optical system.

- |

motion is defined as o= f m/r where f is the focus

distance; m is the distance of the photodetector shift during
the exposure time t; and d is the distance between the
photodetector and the observed object.

To make the methods of object detection and
identification universal even under the different conditions
limiting their application field, their aggregation should be
implemented. That will allow data acquisition depending
on the environment and the characteristics of the observed
object. Such approach results in a minimum number of
possible errors thus improving the data quality.

I1l. FACTORS AFFECTING THE GENERATION OF THE
BLURRED IMAGE PATTERNS

During operating automated monitoring systems receiving
and processing object images, the tasks are solved of
detecting the object pattern boundaries, improving the
contrast, sharpness and clarity of these patterns,
suppressing noises, etc. In the general case, the image
processing procedure includes the following stages:
extracting a separate image from a sequence of frames;
detecting object patterns within a general image; correcting
the parameters of the external environment; pattern
capturing;  determining the mapping parameters;
recognizing the objects; identifying the parameters of the
state and behavior of the desired object by analyzing a
certain image or a series of images; and carrying out a
statistical analysis of the results obtained [9], [10].

Machine vision systems and automated monitoring and
control systems receiving and processing graphic data
presented in photo and video formats deal with a number of
image analysis issues concerning the representation of a 3D
space fragment in the form of a 2D picture at a certain time
moment [1], [4], [9].

When receiving the primary image, the quality of its
graphic elements may be affected by various brightness and
geometric parameters of the individual object patterns
within a general image (the gradients of brightness, color,
texture, shape, size, the presence of the shadow effects,
etc.). Important are the changes in the general arrangement
of objects in each separate image belonging to the particular
series. Such factors as the changes in brightness and at the
background, the presence or absence of the interferences
between the observer and the desired object, the changes in
the parameters of the state and behavior of the objects, the
presence of atmospheric precipitation, the solid particles
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suspended in the environment, various noise effects, etc.
should be considered with great attention. The parameters
of primary processing of the original image by a photo or
video detector as well as the characteristics of the file write
format must also be taken into account [11]-[13].

An important parameter characterizing both the general
image and the object patterns located within it is the state of
the boundary layer between various graphic patterns in the
frame. In fact, the boundary layer is a blurred region that
can be described as a function of some expansion of the
object image primary element within the general image
[13], [14]. The traditional approach to determining the blur
degree states that when an object is in the focus of the
optical system, its pattern is not blurred, but when the
object is located closer to or further away from the indicated
position, there has been blurring of the object pattern [14],
[15]. The blur function in different directions can be
determined using a circle of unsharpness. But the obtained
image size together with the number and size of the
photosensitive elements of the sensor must be accounted
for. The algorithm for estimating the pattern blur by
analyzing its boundaries exploits the image re-blurring
using the Gaussian function with a priori known
parameters. Further, the gradients of the original and
synthesized images are compared and the estimate of the
blurred object boundaries is calculated (Fig. 2) and then
applied to the entire object pattern [16], [17].

To determine the blur degree of the desired object
boundaries, it is sometimes proposed to represent the image
as the dependence of the intensity upon the coordinates
I(x,y). Then, using the different levels of resolution of the

Bokeh iterative procedure [18], [19], one should perform a
number of operations: calculate, first, the first-order
derivatives with respect to each of the coordinates (the
projection of the gradient on the x- and y-axes) and then the
second-order derivatives describing the changes in the
projections of the gradient on the x- and y-axes. After that
one nulls them to find the points with the highest values of
the intensity change rate at the coordinates x, and y, (blur

center), and, finally, one determines the function inflection

points A(x.y;) and Ay(x,,y,) that are located close to
the already calculated values x, and y,. Thus, the values
of x will estimate the blur boundaries
o, =X, — X, Of the object along the x-axis, while the values

y1 and y, will estimate the blur boundaries o, =y, —y;

and X,

of the object along the y-axis.
The use of the Bokeh iterative procedure in the algorithm is

object ---seenneeee object +--------------- e
./‘
/
back- back- __— g
ground ground ; |
x, pix Fblur 1 Ybhr2 v, pix
a) b)

Fig. 2. The block diagram of the device for time sampling.

necessary for the analyzed points localization required to
establish the boundaries both of the object and its blur. At each
level of the iterative procedure, the derivatives of the first,
second and third order of the image function 1(x,y) are

determined, each of them calculated separately by x (assuming
that y =const ) and by y (assuming that x = const ). Then, for

each coordinate, a set of dependencies can be obtained, as it is
shown in Fig. 3.
The function 1(x, y) describes the change in intensity by the

x-coordinate. The first-order derivative estimates the intensity
change rate by the x-coordinate (the projection of the gradient
on the x-axis). The second-order derivative shows the change
in the projection of the gradient on the x-axis. By nulling it, one
can determine the point x, as the highest value of the intensity

change rate by the x-coordinate (blur center). With the help of
the third-order derivative, the points x, and x, are determined

where the first derivative of the reference function changes sign
(inflection points). That means that the rate of its change at
these points neither decrease, nor increase when x-coordinate
increases. Thus, the points x;, and X, determine the

boundaries of the object pattern blurring, that is, the blur region
along the x-axis is o, =X, — X; .

In fact, with any traditional representation of blur, this
function limits the capabilities of detection systems, causes
errors in the detection and recognition of an object, but it also
provides additional data on the object that require correct
processing [16], [20], [21].

Next, one should determine by how many iterations the
algorithm using the Bouguet pyramid scheme will be faster
than the one that does not use it. At the same time, the
algorithm for estimating image blurring by finding derivatives
of the first, second and third orders will remain the same.

In the case when an iterative Bouguet scheme is not applied
and the analyzed original image is 2297 pixels wide and 4007
pixels high, the upper estimate of the computational complexity
of the algorithm will be:
O(m,n) =Width- Height = 2297 - 4007 = 9204079 cycles. But

if the proposed iterative scheme is applied, the computational
complexity will be:

O(m,n) =Width- Height/4"=* =3+ (2ws =2 Jows=2)- 4 +
+ (ZW)I(':lXZWIy':l)~ 4+ (ZWXL:OszyL:‘))- 4=1288-501+
+16-40-40+16-92-92+16-180-180 = 823712

cycles. Here L is the resolution level, that is, in fact, the

0 30

X, pix

Fig. 3. Determining the object blur region along the x-axis.
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algorithm iteration number; (w,,w, ) is the neighborhood of

the studied point, that is, the size of the frame around it,
calculated along the axes x and y and depending on the
algorithm iteration. As a result, the proposed iteration scheme
can provide a performance boost of more than 11 times.

IV. MATHEMATICAL MODEL OF THE BLUR FUNCTION
REPRESENTATION

In fact, blurring as a function is a certain expansion of the
primary image element of the desired object. On the one
hand, blur means a defective object pattern reception and/or
a defective object pattern mapping. But, on the other hand,
it constitutes an informative feature allowing obtaining data
on the state and behavior of the desired object under various
conditions of its localization and/or its pattern capture. Blur
can determine the minimum range between the detected
objects and the maximum speed of their motion which is
crucial for their recognition. It can also help to define the
parameters that are required for the photo and video
detectors to operate in a remote control mode in monitoring
or diagnostic systems under the specific conditions and
when certain groups of controlled objects are involved [20],
[22]. The factors that may influence blurring, i.e. blur
degree will be presented further as specific patterns, and
their main possible causes will be revealed.

It is proposed to describe a blur function using seven
main factors. The first is the medium between the locations
of the monitoring system and the desired object, and the
blur caused by the medium is o, . Then goes the color

spectrum dependence which is actually the dependence
upon the wave lengths of the corresponding range of the
visible spectrum A, thus here the blur caused by color
spectrum is o, . The detection system elements in motion,

i.e. the specific characteristics of motion of both the desired
object and the monitoring system, constitute another factor.
The blur caused by the motion of both the object and the
monitoring system is o, . The background state causes

the blur oy, . The detector performance characteristics are
responsible for the blur oy, . The object image primary
processing pattern produces the blur o, . The state of the

desired object surface cause the blur o .

General blur can be represented as a function that merges
all the above types of blur:

Oy = f(Gmat’Gcol ’Gmovvcbglcdet’cpp!ﬁsc)'
The modern software applications for processing the
primary images make it possible to successfully deal with
the sum of the separate blur components:
Oy =Omat T Ocol + Omov T Ohg + Odet T Opp T Osc -

If a different nature of one or another component of the

blur function total is taken into account, then one can
distinguish between the types of the blur. l.e., the blur

caused by the physical processes taking place in the
medium where the object and the control system are located
and the blur caused by the performance characteristics of
the photodetector that captures the primary image. In this
case, the final resulting blurring as a function can be
represented in the form

2
SHk \/(Gmat +Ggol +Omoy t+ Gsc) + (Gbg + Oget + Gpp)2 :

The next step is to consider the influence of the medium
between the locations of the studied object and the
photodetector upon the blur function. It is fundamentally
related to the varying transparency of various mediums for
different wavelengths. The nonlinear dependence of the
phase coefficient B(1) within the spectrum of available

wavelengths (colors present in the image) should also be
accounted for. The nonlinearity of the function PB(A)

depends upon the blur for each of the available colors, as
well as upon the transparency function changes for different
wavelengths at the range between the detector and the
studied object [16], [23].

In general, blur caused by the parameters of the medium
between the monitoring system and the desired object can
be determined by the formula

O mat = (AALA/Hv, )d?Py [d22 . @)

In (1), the notations are the following: AX is the range of
wavelengths corresponding to the color components
available in the image; P, is the transparency function of

the medium depending upon the refractive index, the
illumination and the presence of temperature fronts and
various noises, for this case one can write the expression:
By =Pt + By +Ps + B ; L is the reduced range to the

object; H is the reduced characteristic size of the object; A is
the wavelength for a specific color; v; is the group reduced

velocity of the wavelength emission propagation in the
available medium.

The medium transparency function can often be
described by a dependence smoothly evolving from the
central axis of the photodetector (which is the shortest
range from the detector to the trajectory of the studied
object) to the image boundary. This dependence is formed
by the reduced distance from the detector to the object, the
characteristic size of the object itself as well as the primary
image size:

Pe(L)= RO[1+ K (RO/RT) (LM |

Here n is the nonlinearity index showing the degree of
change in the parameters of the medium between the edges

of the primary image; Ptf is the transparency function on

the central axis of the photodetector; K, is the coefficient

P
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that takes into account the change in the space metrics
when this space is mapped in the form of a flat image; B,

is the averaged transparency function for the reference
shooting situation; H,, is the reduced width of the space at

the level of the studied object that hits the primary image.

The dependence of blur upon color is, in fact, the
dependence upon the wavelength of the corresponding
range of the visible spectrum A. Its nature is close to the
nature of the previous component of the blur function and is
related to the peculiarities of propagation of different
wavelengths in space:

Geol = AMLK g PtE/HVf A,

where K, is the vector of the functional coefficients that

determine the features of various layers of the medium
between the detector and the studied object in comparison
with a certain reference layer.

The blur caused by the motion of the elements of the
detection system is determined using the following scheme
graphically displaying the appearance of the blurred points
of the object pattern resulting from the motion of both the
object and the photodetector. When choosing a system for
detecting objects, the time for obtaining a photo-fixation
frame should be commensurate with the time it takes for the
object to move a distance between the two points in space.
Here it is presupposed that the trajectory of this movement
is close to a straight line [24], [25].

The generation of blur during the motion of the desired
object and the detector of the monitoring system is
demonstrated in Fig. 4. Here the object is highlighted by a
circle, while the detector of the monitoring system — by a
square. As the process of obtaining the primary image takes
some time, the blur o, is proposed to be considered as

some function showing the relationship between the state

Fig. 4. The scheme of the generation of the blurred points of the object
image resulting from the motion of the detector and the studied object.

parameters of the detection system and the studied object
obtained during the time between the beginning and the
end of the initial image reception. During this time, both
the object and the detector can move a certain distance.
Thus, one considers the geometric relationship between the
positions of the object and the detector during the reception
of the image.

The motion is shown by arrows. One can also see there
the distances between the objects and the perpendicular
straight lines related to them. These lines are necessary to
construct the blur projection onto the plane perpendicular to
the camera axis — that is, the segment linking the position
of the detector and the point of the object. These distances
and lines are drawn by solid lines at the beginning of the
detection and by dotted lines at the end of the image
reception. The displacement of the object and the
photodetector is proposed to be determined relative to the
planes perpendicular to the segments linking the positions
of the object and the detector at the beginning and the end
of the process of obtaining the primary image. Such
representation is chosen because the image itself and the
blurring of separate patterns in it are mostly clear on the
camera axis (in the plane perpendicular to the direction of
detection). The displacement of the object and the
photodetector of the monitoring system in a projection on
the planes perpendicular to the segments linking the
positions of the object and the photodetector at the
beginning and the end of the image reception process can
be represented as

’ r n ”
Iob COSQPgpp =Oop » Iob COSPon =Oqp »

@
Iy cos@y, =o,, |y coseg =0y
or
! ’ " "
Iob = cyob/COS(Pob = CFob/COS(Pob , 3)

! U " "
ly, = G5, /COSQy, =Gy, /COSQY, .

Here 1,,, Iy, are the ranges traveled by the studied object

Yy
and the photodetector of the monitoring system during the
time from the beginning to the end of receiving the primary
photographic image; oy, op, and oy, , oy are the blurs

resulting from the displacement of the studied object
(subscript ob) and the photodetector (subscript sy) in the
projections on the planes perpendicular to the segments
linking the positions of the object and the detector at the
beginning (one superscript stroke) and the end (two
superscript strokes) of the primary image reception time
interval; @p,, @ and oy, @3 are the angles between

the direction of displacement of the object (subscript ob)
and the photodetector (subscript sy) and the planes
perpendicular to the segment linking the initial position of
the object and the detector (one superscript stroke), or to the
segment linking the final position of the object and the
detector (two superscript strokes) (Fig. 4).

The blur resulting from the motion of the object and the
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photodetector, represented by the expressions (2) or (3)
depends on the moments of beginning and ending of the
primary image generation as well as on the type of the
photodetector. Thus, it can be found as follows:

Smov = (G;)b +0gp )+ (G,Sy + G’S'y)
or

oy = Max (o) + max (o, ).
Gob:Sob G,syvcgy

One should specify the function describing the
relationships between the final object blurred pattern and
the motion of both the studied object and the photodetector
of the control system taking into account their different
locations at the time that determines the beginning and the
ending of the primary image reception. This choice
significantly depends on the parameters of the detector and
can be determined empirically [26], [27]. When the size of
the object pattern is larger than a certain threshold value,
one should consider the aberrations (blur) that occurs due to
the linear size of the object.

The generation of the blurred image fragments is also
possible due to their remoteness from the axis of the
photodetector and it is related to the angle 6, between the

axis of the photodetector and the line linking the detector
(as a point) and the end point of the studied object:

L2 +H2/4=12/cos?6; .

If the blur on the axis of the photodetector is
conditionally taken as a minimum, then, in the case of the
medium parameters linearly changing along the full width
of the object, the following ratio is valid:

ex
Oy =Oe —Oax = LRy /Vf C0s0; — LPtr/Vf .

Here Py is the transparency function of the medium at the

level of the outermost point of the studied object.

If the size of the object pattern is greater than a certain
threshold value corresponding to the distance from the
detector L4, then the following relations can be written

LR vy cosO, —LP, fve,  if L<ly,

Oy = 4
¥ |JLLg P vy cosBy LR Jv , if L2 Ly

The distance L, is determined empirically for each specific

case of obtaining a series of primary images.

In the case of the medium parameters changing along the
width of the studied object, instead of the expressions (4),
the following relations are used:

L(R)® Jvy cosby —L(R, )® vy, if L<Ly,

\/E(Ptﬁx)g/vf cos6; —L(R, )° /v , if L2Ly.

Here the exponent g is the parameter that determines the
gradient of the change in the medium properties in the
direction perpendicular to the detector axis. It should be
noted that if it is necessary to calculate the blur o, , then it

sz =

is added to the blur o, and further they are both taken

into account in the forthcoming calculations.

The very concept, the definition of the “background”
makes an important factor in determining the influence of
the background on the object pattern blurring (o ). In this

paper, everything located around the boundaries of the
desired object is considered a background, without taking
into account the depth of the spacing of the separate
background elements [23], [28]. A special case is the case
of an “ideal” background in the form of a monochrome,
black-and-white or more complex image located at a certain
distance behind the studied object. Different background
designs and textures depending upon the parameters of the
state and behavior of the desired object can also be used,
otherwise the “ideal” background can be obtained and its
application can be substantiated based on the principles of
geometrical optics, Huygens-Fresnel and Fraunhofer as well
as on the estimates of the possible aberrations and
deviations.

The calculation of the blur resulting from the certain
parameters and characteristics of the detection equipment
(og4) and the primary processing of the object pattern

(opp ) is carried out by means of in situ experiments using

the specified photodetectors and cameras and the
presentation formats that they support [29], [30]. The
influence of the state and behavior of the studied object
surface on blurring (o, ) is not considered, since the solid-

state objects are detected and their shape and color do not
change during observation. The situations of dynamic
contact between the objects leading to their subsequent
deformation are also not examined.

The presented mathematical model for the blurring of the
object pattern elements takes into account many different
parameters. This leads to difficulties in determining the
influence of each factor. For the convenience of conducting
a comparative analysis for some classes of applied
problems, it is proposed to use the blur function o,;,

reduced to a unit of distance and a unit of a color range:
o = Ky (22 d2B/d0? + 20dp/dn v, |

where K, is the coefficient that determines the geometric

parameters of the space near the object; B is the
characteristic of the color mapping in space.
The characteristic of the color mapping in space can be

represented as  f? :(NZ/F’Upr -M 2)/Hrf1 ., where
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N =kH,\P, /P&, P¥ is the function of the medium

transparency on the detector axis towards the studied
object; k =2mn/A, k is the wave number in a free space; M

is the parameter of a separate color component transfer in
space which can be determined using the Gaussian
approximation in the following way:

M? _i]o {(_dFO(H)jZ +N2f(H)FE(H )}H dH .

CHZY|L dH

Here f(H) is the dependence that determines the gradient

of the function of transparency in the direction
perpendicular to the segment “detector-studied object”,
while H is the reduced transverse dimension of the object

pattern. It should be noted that the polynomial form of the
dependence f(H) is most widely used as it is determined

based on the real conditions for obtaining the primary
image, but the procedure of f(H) linearizing can also be

implemented for the small space linear dimensions.

V. THE APPLICATION OF THE PROPOSED SOFTWARE FOR THE
OPERATION OF THE VEHICLE MONITORING SYSTEM

For the specific conditions of using the data-measuring
control and monitoring system with the specified classes of
the desired objects, the correlations between the separate
components of the blur function can change significantly,
taking into account certain intervals of measured values of
the parameters of the state and behavior of the objects. It
allows simplifying the model for determining the blurred
object pattern, and, more than that, separate components
even may be neglected due to their low values relative to
the other terms.

In Figs. 5, 6, there are shown the primary images of a
vehicle which is the object for monitoring moving in a
braking mode so that its speed decreases from about 45
km/h to 20 km/h. Thus, in the process of receiving primary
patterns with the same photodetector settings, the blur
function is generated, with its components &, and oy

being prevalent. For the images presented in Fig. 5, the
photodetector is fixed and focused on the lane along which
the car is moving. The images presented in Fig. 6a and 6b
are obtained when the defocused photodetector is moving in
the direction opposite to the vehicle motion at the speed of
about 45 km/h.

In Fig. 5, the object image corresponds to the focusing of
the photodetector on the driving lane along which the car is
moving so that the value of the blur function is the lowest
one and is determined by the component o, . From the
joint review of the blurred object patterns presented in Fig.
5, 6, it can be seen that the influence of the blur function
COMPONENts Guer, oo AN Oyg IS really significant. Thus,

Fig. 6a shows an example of blurring due to a camera
movement. In Fig. 6b, one can see a blurring due to camera
defocusing. Subsequent analysis of the object image

Fig. 5. The primary images of the moving object with the fixed
photodetector focused on the specified driving lane: a) at the beginning of
the detector's field of view; b) at the end of the detector's field of view.

Fig. 6. The primary images of the moving object: a) when the photodetector
is moving in the opposite direction; b) when the photodetector is fixed and
focused on the point that is 2 meters away from the operator.

blurring in the case when the internal characteristics of the
camera are known allows determining the distance to the
object, its dimensions, and its speed and movement
direction. Thus, this paper considers the possibility of
extracting useful data from the noise component of the
original signal, such as image blurring.

V1. DETERMINING THE CHARACTERISTICS OF THE MOVING
OBJECTS

It is useful to approximate the experimentally obtained
numerical data on the dependences defining the degree of
blurring of the object boundaries by a sixth-degree
Lagrange polynomial [31]. The polynomial coefficients are
determined using a convolutional neural network [32], [33].
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Fig. 7. The approximation of the experimental data by polynomial

dependence with a focus point of 1.2 m.

Thus, the following expression can be obtained for the
focus point of 1.2 m (the coefficient of determination is
R2=0.96) while the focus length is equal to 52 mm (Fig.
7):

o; =-5.95r° +76.21r° — 360.87r;* +

()
+743.50r3 —525.14r2 —148.94r, + 241.8.

In (5), the notations are the following: o; is the blur of the
i-th point of the object boundaries and r; is the distance of
the i-th point of the object from the camera.

The distance to the real object can be defined as the
distance to the point with the minimum coordinate r,,;, of
the set of distances P, to the points of the object surface
[28], [34].

After determining the set of the distances P, to the
surface points of the object Ob, one can estimate its size.
The object size is presented as the difference between the
maximum and the minimum coordinates in each of the 3
dimensions. For this purpose, after determining the contour
C of the object Ob, one defines its length | (the horizontal
dimension), height h (vertical dimension) and width w (it is
estimated by the distance from the camera) during the
consistent contour bypass:

h= max{Py}— min{Py}'

| =max{P,} - min R}, ax Py~ min

werpeiP - pigiP

where P is the set of the contour points and P,, P, and P,

are the sets of the corresponding coordinates X, y, z of the
points of the contour C.
To determine the speed, a set of three components v, ,

Vy, Vv, is considered. The axes x and y pass in the image

plane while the axis z is directed perpendicular, “into” the
image. Then

ABob/B frame = AXgp /Wframe :

From the right-angled triangle shown in Fig. 8, it follows
that

r Object

Camera

Fig. 8. Calculating the change in the viewing angle of an object from a
right-angled triangle.

tan ABgp, = AX/T .

At small angles AB,, one gets

AX = rABob =B frameAXobr/\Nframe :

Their estimates can be obtained by dividing the biases in
the video stream by the time interval Nt:

Vy = BframeAxobI/varame'\l'E )
vy = O‘frameAYobI/H frameNT
v, = [I(cs,t)—l(c,t— Nr)]/N‘c.

Here AX,,, AY,, describe the shift of the object center

relative to the background that is expressed in pixels for N
frames; Wi 4ne and Hy.e are the width and the height of

the frame; Bfame and osame are the horizontal and

vertical viewing angles of the camera; 1 is the frame
duration; I is the distance to the object determined from
expressions (5). Then the overall speed is calculated by the
formula:

2,02 12
V=|Vy Vg VS

During the experimental studies carried out using a
moving vehicle (car), the vehicles are considered with a
greater and lesser difference between the average intensity
of the whole picture and the average intensity of the moving
object pattern that can be calculated by the three color
components [29], [35]. One presents both the comparison of
the results of application of the proposed methods modified
based on the characteristic points and the building of
cascade classifiers. One also finds the probabilities of the
type | (P,) and type Il (P,) errors [36] depending on the

speed V of the object observed using different contrasts
(Figs. 9a, 9b).

The algorithm applying cascade classifiers is based on
the AdaBoost algorithm, which consists in using Haar
primitives and a set of reference objects [23]. Based on their
synthesis, one more advanced and powerful classifier can be
compiled. In the process of compiling or training the final
classifier, the emphasis is on the standards that are
recognized “worse”.
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Fig. 9. The dependences of the probabilities of the type I (a) and type 11 (b)
errors upon the speed of the objects with different contrasts.

AdaBoost calls a weak classifier in a loop and, after each
call, the distribution of weights Dt corresponding to the
importance of each of the objects of the training set is
updated. At each iteration, the weights of any incorrectly
classified object increase, the new classifier “focuses its
attention” on these objects and minimizes the weighted
classification error:

h, =argmineg, ,
hjeH

m
where &, =ZDt(i)[yi # hj(xi)] is a weighted classifier

i=1
error h,, if

g 205 (6)

after which the algorithm execution stops (at another values
of ¢, the iteration goes on building the cascade classifier);

X; stands for the objects requiring an optimal classifier; h;

is the cascade classifier of the current iteration which can
be considered as an optimal one, if the specified condition
(6) holds.

Hereafter the resulting classifier is built:

H(x):sign[gamx)]

where o, =In[1-¢,)/e ]/2.

After choosing the optimal classifier h, for the
distribution D, , objects x; that are correctly identified by

the classifier have weights smaller than the objects that are
incorrectly identified. Therefore, when testing the
classifiers for the distribution Dy,;, the algorithm will

choose a classifier that better identifies objects incorrectly
recognized by the previous classifier.

The method of recognizing objects by certain
characteristic points uses the Harris-Laplace detector to
determine these characteristic points and the Lucas-Canada
method to calculate the optical flux in the neighborhood of
the previously defined points for their subsequent tracking
[19].

The object contrast k relative to the background is
determined as k =abs(l, — 1, )1, where 1y, and 1, are

the average intensities of the object and the background,
respectively, and A is the coefficient that determines the
external conditions (illumination, atmosphere transparency,
etc.). The allowable minimum distance at which an object
can be detected is d =stga, where s is the maximum pixel

size and a is the angular resolution of the camera used for
observation.

It follows from Figs. 9a and 9b that the pattern
recognition methods are fully operable and effective in the
case of a high contrast object image. For example, Haar
primitives and the motion tracking of the characteristic
points [37] can be used in this case. When the image
contrast with regard to the visible optical range is low, the
object may be hard to recognize. Therefore, in such cases it
is better to use the other methods of obtaining data on the
object, for example, to carry out image processing in the
infrared mode or with the help of the ultrasonic signals.

VII. CONCLUSION

Based on the introduced model for blurring both the whole
object pattern and its separate elements, the mathematical
and algorithmic support is developed that allows improving
the parameters of the primary images, such as sharpness,
contrast, lighting compensation, etc. This, in turn, makes it
possible to increase the probability of detection and
recognition of the objects under control in automated video
monitoring systems.

The proposed model of the object pattern blurring
enables the researchers to develop new approaches to the
study of the blurred region boundaries between different
objects and between an object and a background. The
characteristics of these blurred region boundaries can
determine not only the noise components of the image and
be a quality criterion in determining the sharpness, contrast
and clarity of a photograph. They can also carry important
data on the state and behavior of the object itself. More than
that, they can provide a general estimate of the operation of
an automated monitoring and control system. The
introduced techniques make it possible to calculate such a
situation when some types of blur can be compensated for
by others. They can also help to simulate and test the case
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when the operator of the control and monitoring system
manages to adjust the characteristics of the blur using
hardware or/and software tools. Thus the possible ranges of
detectable values can be increased and the accuracy of their
determination can be improved.
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