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The method and structural scheme of an information-
measuring system for determining the parameters of
objects’ movements (technological equipment in the quarry
Jor extracting block natural stone) have been proposed. A
distinctive feature of time video sequences containing images
of measured objects is their adaptation and adjustment in
accordance with the intensity of movement and accuracy
requirements for measurement results. Structural and
software-algorithmic methods were also applied forimproving
the accuracy of measurements of motion parameters, namely:
complexation of two measuring channels and exponential
smoothing of digital references. One of the measuring
channels is based on a digital video camera, the second is
based on an accelerometer mounted on an object and two
integrators. Exponential smoothing makes it possible to take
into conmsideration the previous countdowns of movement
parameters with weight coefficients. That ensures accounting
Jor the existing patterns of movement of the object and
reducing the errors when measuring the parameters of
movement by (1.4...1.6) times.

The resulting solutions have been implemented in
the form of an information and measurement system.
The technological process of extracting blocks of natural
stone in the quarry was experimentally investigated using
a diamond-rope installation. Based on the contactless
measurement of motion parameters, it is possible to ensure
control over this process and improve the quality of blocks
made of natural stone.

Based on the experimental study of measurement
errors, recommendations were given for the selection of
adaptive parameters of a video sequence, namely the size
of images and the value of the inter-frame interval. In
addition, methods for the software-algorithmic processing
of measuring information were selected, specifically
exponential smoothing and averaging the coordinates of
the contour of an object, measured in 30 adjacent lines of
the image
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1. Introduction

Measurements of various mechanical quantities are
widely used at enterprises for the extraction and processing
of natural stone. This includes the moving and motion pa-
rameters of industrial objects. The results of these measure-
ments are used to manage production processes and comply
with technological norms in the manufacture of articles
made of natural stone, as well as to control their quality and
increase competitiveness [1-4].

To acquire data on the objects’ movements, various con-
tact and contactless technologies and devices can be used:
accelerometers, gyroscopic transducers, radio frequency
identification, navigation systems with GPS devices, the
construction and processing of time video sequences.

The development of modern information-measuring
systems requires both the improvement of structural solu-
tions and the development of software-algorithmic meth-
ods for processing measuring information. In addition,
an important task is to devise contactless measurement
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methods, for example, based on video information about a
given object [1, 5-9].

The time sequences of measured objects’ images contain
measuring information about the mechanical quantities that
characterize these objects. Underlying the contactless mea-
surements of motion parameters in this study is the trans-
formation of visual information about measured objects into
digital images and the execution of software-algorithmic
processing of the derived time sequences of these images. By
software-algorithmic processing, mechanical quantities such
as current coordinates and motion parameters of measured
objects are determined. The specified parameters may be
self-sufficient or form the basis for determining other prop-
erties of measured objects. Given this, it is possible to control
the spatial position and movement parameters of objects [3].
In addition, contactless methods and measuring tools can
control the technological processes and quality of industrial
articles during their manufacture [1].

This approach will provide the measurement of the pa-
rameters of objects’ movements in real time with increased




accuracy and performance, advanced functionality com-
pared to existing measuring tools.

One of the applied tasks for the use of means of measur-
ing motion parameters based on time video sequences can be
real-time control over technological processes of extraction
and processing of block natural stone [10].

Movements of technological equipment in the quarry are
controlled indirectly, without the possibility of obtaining
instantaneous values of movements and speeds of motion.
For example, the magnitude of movements and the operation
of technological equipment are controlled by the value of the
main electric drive current. If speeds are measured, then this
is carried out by contact methods using measuring transduc-
ers (for example, electromechanical tachometers) [10].

To improve the quality of articles, it is necessary to re-
ceive and analyze in real time the instantaneous values of
movement parameters for all modes of operation of techno-
logical equipment. However, current approaches, methods,
and measuring instruments give integrated values of mea-
sured values with large dynamic errors under the variable
modes of equipment operation.

Therefore, unresolved priority tasks when measuring the
parameters of objects’ movements (technological equipment
in the quarry) are the development and study of contactless
methods for measuring motion parameters. At the same time,
it is important to obtain and analyze the instantaneous val-
ues of measured values in real time for modes of operation
of technological equipment with variable parameters. In
addition, an important task is an adaptation of measuring
instruments to difficult conditions characteristic of stone
mining and stone-working enterprises.

As a result of solving those tasks, it is possible to en-
sure the improvement of the quality and competitiveness
of industrial articles made of natural stone. Therefore, it is
a relevant task to study the development of a method for
measuring the parameters of the objects’ movements with
adaptive parameters of a video sequence.

2. Literature review and problem statement

Most available hardware, as well as methods and algo-
rithms for constructing and software-algorithmically pro-
cessing digital images are focused on achieving a certain
level of visual image quality when perceived by humans.
Existing solutions to scientific and technical problems, in
which mechanical quantities are determined on the basis of
algorithmic processing of two-dimensional digital images
of objects, are highly specialized in nature or use outdated
algorithms and hardware. Those technological advances for
two-dimensional signals do not employ modern methods of
information and computer technologies (for example, arti-
ficial neural networks and optimization methods) and are
designed mainly to improve the visual quality of images.

Paper [1] reports the results of studying the use of digital
images to optimize the technological processes of extraction
of natural stone blocks. The fundamental possibility of
determining the parameters of technological processes and
articles by these images is shown. However, the issues relat-
ed to metrological aspects of measurements and determining
the parameters of objects’ movement remained unresolved.
The reason for this may be the lack of measurement special-
ists when conducting that study.

Paper [7] examines the dynamic errors of measure-
ments of geometrical parameters and parameters of objects’
movements. However, there are no proposals to reduce
such failures in practical tasks characterized by complex
measurement conditions. Therefore, the results of the cited
paper need to be improved to determine the time-dependent
parameters of the movement of technological equipment
elements in the quarry.

Study [8] also misses accuracy estimates and measures
to improve the accuracy of measurements of motion param-
eters. Therefore, the reported results should be summarized
and improved in order to determine the parameters of ob-
jects’ movements.

Work [9] reports the development of a computerized
system to assess the trajectory of objects in the airspace.
However, the metrological aspects of such measurements
were not investigated.

Paper [11] examines mathematical models and algo-
rithms of image processing, which may in the future be
an integral part of time video sequences with measuring
information. These results can be the theoretical basis for
estimating errors in determining the geometrical parameters
and parameters of motion of objects.

Study [12] focuses on statistical assessments of the quali-
ty of objects by their images. However, there are no estimates
regarding the accuracy of measurements of geometrical pa-
rameters of objects by their images and motion parameters.
Therefore, the results reported should be summarized and
improved in order to determine the parameters of objects’
movements.

Paper [13] proves a fundamental possibility of exploring
the parameters of different processes and objects by their im-
ages. However, the issues related to the metrological aspects
of measurements remained unresolved.

Study [14] focuses on the development of accelerator and
motion meters for mobile robots based on MEMS sensors
and ultrasonic rangefinders using signal filtration methods.
Paper [15] reports the development of a computerized sen-
sory system for measuring distances and angles to objects.
However, in the cited studies there is no use of contactless
measurements, measuring video information and methods
of combining several measuring channels to increase the
accuracy of measurement of specified mechanical quantities.

In [16], the use of matrix “light signal” converters and
methods based on artificial neural networks for precision
measurements of angular values were substantiated; but the
issues of determining the parameters of movement of the
objects under investigation were not considered.

In the reviewed works [1, 7-9, 11-14], the problem of
obtaining and analyzing instant values of measured values in
real time for modes of operation of technological equipment
with variable parameters has not been solved. Software-al-
gorithmic and structural measures to improve the accuracy
of results in contactless methods of measuring motion pa-
rameters are not fully investigated. In addition, the complex
conditions of measurements characteristic of stone mining
and stone-working enterprises that lead to touch error mea-
surements are not taken into consideration; measures for
adaptation of measuring instruments to these conditions are
not determined.

Our review [1, 7-9, 11, 14] confirms that it is advisable
to study the ways of using information and computer tech-
nologies for processing digital images and their sequences to



measure the parameters of objects’ movements in real time.
To do this, it is necessary to devise a method for measuring
the parameters of objects’ movements based on computerized
processing of time sequences of measuring video information
in real time. The results of measurements and calculations of
motion parameters must be stored, organized, transformed,
calculated, compared, evaluated, represented graphically,
updated. Therefore, the task is to build an information-mea-
suring system to determine and control the parameters of
objects’ movements involving software-algorithmic image
processing.

3. The aim and objectives of the study

The purpose of this work is to increase the accuracy and
speed, to expand the functionality of the means of measuring
the parameters of the movement of technological equipment
in the quarry for the extraction of block stone by devising a
measurement method with adaptive video succession param-
eters. The implementation of this method in the form of an
information-measuring system could make it possible to im-
prove the procedures for controlling technological processes
at stone mining and stone-working enterprises.

To accomplish the aim, the following tasks have been set:

—to devise a method for measuring the parameters of
objects’ movements with adaptive parameters of video se-
quences, which are adjusted in accordance with the current
conditions of measurements, as well as the structure of the
information-measuring system corresponding to this method;

— to determine the sequence of formation and processing
of time video sequences with measuring information about
the parameters of objects’ movements;

— to experimentally investigate the method and informa-
tion-measuring system using an example of determining and
controlling the parameters of movement of the diamond-rope
installation for extracting blocks of natural stone in the
quarry;

—based on data from an experimental study, to deter-
mine the best adaptive parameters of video sequences in
terms of their accuracy and speed, and to evaluate the accu-
racy of the results obtained while determining the parame-
ters of objects’ movements.

4. The study materials and methods

Devising a method for measuring the parameters of ob-
jects’ movements (the first task of our research) is based on
the use of time sequences of images (video sequences) of mea-
sured objects. Motion parameters are movement, speed, ac-
celeration. Movements are found in two or three coordinates
on a plane or in space. That is, the initial data, determined
on the basis of a video sequence, are the current coordinates
of objects; all other movement parameters are calculated and
processed by software-algorithmic methods.

At the same time, geometric parameters and current
coordinates of these objects are recorded on each image, and
changes in the time of the specified parameters and coordi-
nates characterize the movement of measured objects.

To obtain time video sequences, technical means of for-
mation of video sequences and software-algorithmic means
of their processing are used. Technical means include a
digital video camera; a tripod that makes it possible to fix

the camera; test objects with known linear dimensions; a
computer or microprocessor device for processing video
sequence and calculating motion parameters. Software and
algorithmic means provide the acquisition of measuring in-
formation about current coordinates and motion parameters
from a video sequence, as well as increase the accuracy of
determining motion parameters. Together, all these means
form an information and measurement system to determine
the parameters of objects’ movements.

Several displacement parameters can be measured based
on images, geometrical parameters, and the current coordi-
nates of objects. The basis of measurements of motion param-
eters is the current coordinates of the contour points of the
measured object [5, 6, 8].

These geometric parameters are measured directly by the
current video sequence frame and are used for numerical cal-
culations of the motion parameters of the measured object.

Any complex movement of the measured object is repre-
sented as the sum of the translational movement of its center
of masses and the rotation of the object around this center
of masses.

Measurement of motion parameters and their mathe-
matical notation are executed depending on the application
problem in three-dimensional space or on the plane. This
involves a vector sum of projections of motion parameters on
coordinate axes to determine general motion parameters and
one or more video sequences obtained from different points
of three-dimensional space.

In calculating the parameters of movement, numerical
methods of differentiating the current values of the coordi-
nates of the object are used in the simplest case. To increase
the accuracy, one can use a polynomial approximation of the
arbitrary trajectory of the object of measurement [17, 18].

To increase the accuracy of the method of determining
motion parameters, it is advisable to use structural and
software-algorithmic methods to improve the accuracy of
measuring instruments. This is, for example, the use of two
measuring channels in the construction of the informa-
tion-measuring system, averaging the coordinates of the
path in adjacent lines of the image, exponential smoothing of
the calculated values of motion parameters, adaptive adjust-
ment of time video sequence parameters.

Since the method of determining motion parameters
employs the software-algorithmic processing of images, it
is necessary to determine the sequence of formation and
processing of time video sequences with measuring informa-
tion about the parameters of objects’ movements. This is the
second task of our research.

To do this, in the process of determining the parame-
ters of motion, a video sequence is formed, which contains
significant differences in brightness and/or color between
the subject and the background. It is then divided into in-
dividual frames according to the current adaptive settings;
in the frames, one measures the geometry and current co-
ordinates of objects. This is done by averaging the results of
measurements of the current coordinates of the object’s path
in several adjacent rows, in which an image of the object is
available based on the results of segmentation of the frame to
the measurement object and background.

The current coordinates and other geometric parameters
are determined by relating to discrete points (d.p.) that
make up the digital image. Therefore, a large-scale coeffi-
cient is additionally used to obtain current coordinates not
in discrete points of the image but in generally accepted



units of length. This large-scale coefficient is pre-calculated
based on the study of images of test objects with known
linear dimensions. Next, the movement, speed, acceleration
of objects based on the current coordinates of objects, nu-
merical differentiation methods, and software-algorithmic
methods for improving the accuracy of determining motion
parameters are calculated.

To confirm the possibility of practical use of the devised
measurement method, it is necessary to tackle the third task
of our research. It implies an experimental study of the meth-
od and information-measuring system using an example of
determining and controlling the movement parameters of
the diamond-rope unit for extraction of blocks of natural
stone in the quarry.

The main object of measurements was technological
equipment in a quarry for the extraction of block natural
stone. The movement of the diamond-rope installation in the
process of separating blocks of natural stone from the rock
massif of the deposit was investigated.

We determined motion parameters according to the
devised method of measurement using time video sequences
containing images of technological equipment. For the ex-
perimental study, an information and measurement system
was built on the basis of technical and software-algorithmic
means of formation and processing of time video sequences.

The movement of the diamond-rope installation along
the horizontal axis of coordinates was determined. This
movement is due to the displacement of the installation
during the technological process in the quarry.

Since the parameters of a video sequence, which are
formed in the process of measurements, must be adjusted
in accordance with the current values of the parameters of
movement and conditions of measurements, it is necessary
to solve the fourth task of our study. It implies determining,
according to the experimental study, the best parameters of
video sequences in terms of accuracy and performance.

In addition, the accuracy of the results obtained while
determining the parameters of movement was assessed. For
this purpose, a time video sequence was additionally formed,
which provides significantly higher accuracy of motion pa-
rameters compared to the sequences under study. Statistical
methods of experimental data processing, determining the
average and rms values and confidence error interval were
used to process experimental results and determine motion
parameters errors.

5. Results of studying the method and information-
measuring system for determining the parameters of
objects’ movements based on time video sequences

5. 1. Devising a method for measuring the parameters
of movement and the structure of an information-measur-
ing system

Determining the parameters of objects’ movements (tech-
nological equipment in the quarry) is proposed to be carried
out on the basis of the formation and software-algorithmic
processing of video sequences containing a number of im-
ages of these objects at fixed moments. The main operation
is to obtain from such images the current coordinate values
of the measured objects and calculate, on this basis, the
movements, speeds, and accelerations of these objects. A
significant difference of the devised method is the use of

software-algorithmic and structural operations to increase
the accuracy of the results of measuring motion parameters.
Any complex movement of a measured object is repre-
sented as the sum of the translational movement of its center
of masses and the rotation of the object around this center
of masses. The time-based video sequence frame makes it
possible to obtain the current coordinates of the measured
object on the xOy plane, which coincides with the plane of
the light-sensitive matrix of the “light signal” converter, ac-
cordingly, the measurement of motion parameters is carried
out on the plane.
_ dr,
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acceleration q, = ) are determined by each of the x and

y coordinate with a summary of the obtained results to
the vectors of movement, speed. and acceleration (7, is the
current value of the x or y coordinate measured by the i-th
image or at the time ¢;). The simplest method for determining
the parameters of movement, in this case, is numerical differ-
entiation [18-20].

Numerical differentiation [18,20] for each coordinate
in the measurement process (real time) is performed by the
formulas:
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and for data accumulated in the storage device:
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where § is the inter-frame interval (sampling step) of the
time video sequence;

q is the number of frames by which the corresponding
coordinate count is shifted relative to the current time.

If one wants to evaluate the instantaneous values of mo-
tion parameters, then g=1. If parameters are evaluated at a
certain interval of observation, then g>1 [7, 17].

Here'’s the task to determine, by the numerical calcu-
lation, motion parameters based on the measured values
of geometrical parameters and current coordinates of the
object. The simplest and known methods are numerical dif-
ferentiation for calculating the speed and acceleration of the
object. However, numerical differentiation methods do not
take into consideration the presence of error in the measured
coordinate counts.

Measurements of current coordinates are carried out
with error A,. The accuracy of these measurements is enough
to determine the MO geometrical parameters.

Errors in measuring the current coordinates of an object
in an image contain the following components [6-8]:

1. Discreteness error, determined by the number of dis-
crete dots per mm in a digital image.

2. Video signal quantitation error level. This error is
calculated by the number of binary digits used to encode
digital color/brightness information at each discrete point
in the image.

3. Distorted shape of the video signal. This error occurs
due to the limitation of the video signal frequency band,
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which negatively affects the reproduction of object outlines
in the image. This leads to a systematic component of the
error in determining the coordinates of MOs.

4. Geometric distortions. This error occurs in the optical
system of imaging devices.

5. Noises available in electrical circuits of video sequence
devices.

As a result of numerical differentiation, these coordinate
errors are converted (transformed) into even greater errors
in determining the speed and acceleration of objects. Let us
consider in detail the transformed error, using the rules for
converting errors of input values during calculations [20].
This error is the most significant in identifying the param-
eters of the movement of MOs by the method of numerical
differentiation.

The transformed errors in determining the speed and
acceleration of measured objects for each coordinate for (1)
and (2) are [7, 18]:
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The largest transformed error will be in the following
cases according to (3), (4): when determining the instan-
taneous values of movement parameters g=1; in the study
of fast-moving MOs, based on video sequence with a high
frame rate (8<<1).

Therefore, it is necessary to devise methods that are
insensitive to the errors of the current coordinates and pro-
vide high accuracy in determining the parameters of objects’
movements.

The following solutions are possible:

1. Application of the method of exponential smoothing of
coordinates and motion parameters.

2. Complexation of several measuring channels, which
are based on different physical principles of obtaining mea-
suring information about the parameters of the movement of
the object.

3. Using the adaptive step of taking the countdown of
measuring information (the inter-frame interval in a video
sequence, the interval between the input of the countdown
from the accelerometer).

The exponential smoothing method involves sequential
smoothing of MO trajectory parameters using a filter with
constant weight coefficients and a fixed number of input cur-
rent countdowns. The principle of operation of this method
is as follows: preliminary counts of movement parameters
are taken into consideration with weight coefficients falling
according to the exponential law for calculating the current
smoothed parameter [17].

For any scalar parameter of movement 6 (it can be
r — coordinate, v — speed, or a — acceleration), the exponen-
tial smoothing formula takes the form [19]:

A
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where 6; is the measured value of the motion parameter
in the i-th step; ¢, — the smoothed value of the movement
parameter in the i-th step; f]...] — some function from the
previous smoothed values of the motion parameter; & is a

constant value in the sense of the smoothing coefficient.
It can be 0<&<1.

To further increase the accuracy of measurements of
motion parameters, it is necessary to combine the results of
measurements obtained in several measuring channels based
on different physical principles and have independent statis-
tical characteristics of the error.

To measure the parameters of movement, a complexation
is proposed according to the filtration scheme [21]. With the
simultaneous operation of several measuring devices that
use different physical principles, their output signals after
passing through the filters are added, which increases the
accuracy of the measuring parameter.

In the instrumentation system, the filtration scheme has
symmetry in the processing of incoming information, all the
meters in it seem to be “equal”. The results of measurements
of K signals containing the measured value r and errors (in-
terference) ¢y, 09, ..., dx:

. . .
Ta=T405 Ty =140, o T =7+ 0, (6)

after passing K filters are added (Fig. 1). The output signal
is [21]:

r*<p)=[gcbk(p)]r*(p)é@k(p)q)k(p), @

where p is the Laplace operator.
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Fig. 1. Complexation of measuring channels according to the
filtration scheme

To measure variable values of motion parameters, numer-
ical methods with adaptive pitch are effective.

They are based on solving plausibility equations for the
case of estimation of parameters of linear trajectory. This
case is essential for practice because any trajectory at a
limited observation interval can be represented as a linear
polynomial (first-power polynomial) [17].

As the initial values of the movement parameters, we
adopt the coordinate 7y and the speed vy at the initial mo-
ment ¢. The law of coordinate change is represented as:

r(v,t)=70+v><(t—t0), )

and the coordinate estimation at the time ¢; is:
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where 1;=t;—t; 1 is the current value of the adaptive in-

ter-frame interval of a video sequence.



The equation for calculating
the estimation of linear trajectory
parameters when using more than
one previous value is [17]:
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Fig. 2. Information-measurement system for determining the parameters of objects’
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results of a rough estimation of current
values of motion parameters.

With the help of preliminary estimates
of motion parameters in the process of
measurements, an inter-frame interval of
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adjacent acceleration, speed, and coordi-
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are reduced.

Due to this decrease, the countdown
of measuring information is closer to the
current time and describes changes in
the parameters of motion occurring with
lower dynamic errors.

Based on the devised method for determining the pa-
rameters of movement with adaptive parameters of a video
sequence, a structural scheme of the information-measur-
ing system was built.

In the structural scheme, we shall use a combination of
two measuring channels according to the filtration scheme
and build an information and measurement system to deter-
mine the parameters of objects’ movements based on time
video sequences (Fig. 2).

It consists of a digital image forming device (video cam-
era, main measuring channel) and an additional measuring
device (for example, an accelerometer, an additional measuring
channel), a computational device, and software-algorithmic
support that calculates the results of measurements of motion
parameters.

The hardware implementation of the information-measur-
ing system [22] contains the following units (Fig. 3): 1 — ob-
ject of measurement; 2 — accelerometer; 3 — imaging device;
4 — first integrator; 5 — lower frequencies filter; 6 — unit for
determining current coordinates; 7 — speed and acceleration
detection unit; 8 — the second integrator; 9 — displacement
calculation unit; 10 — the third adder; 11 — the second adder;
12 — the first adder; 13 — analog-digital converter; 14 — mem-
ory unit: 15 — unit for setting time intervals: 16 — the first
element of delay: 17 — the second element of delay.

Fig. 3. Structural diagram of the information-measuring system

The designed information-measuring system implements
an approach using two measuring channels. Obtaining count-
downs of the current coordinate and accelerations is carried
out with an adaptive step, which depends on the speed of
movement of the object. A rough estimate of this speed is
formed in units 15-17 and is used to adjust the interval for ob-
taining current countdowns in units 3-5. The countdowns of
current displacements, speed, and acceleration calculated in
units 7,9 can be further smoothed by the exponential method.

Thus, all three proposed approaches to improving the ac-
curacy of determining the parameters of objects’ movements
are involved in the designed information-measurement system.

5.2.The sequence of formation and processing of
measuring information about the parameters of objects’
movements

The devised method for determining motion parameters
is based on the formation and software-algorithmic process-
ing of measuring information. The source of this information
is the time video sequence and, if necessary, signals from the
accelerometer mounted on technological equipment.

Therefore, it is necessary to determine the sequence of
formation and processing of measuring information accord-
ing to the proposed method for measuring the parameters of
movement of technological equipment in the quarry. When
performing specific operations, software and algorithmic
tools and the structure of the information-measuring system



were taken into consideration, aimed at improving the accuracy
of determining the parameters of movement in real time. The
basis for determining the parameters of objects’ movements is
the gradual processing of time video sequences by software-al-
gorithmic support to the information-measuring system.

To obtain data on geometrical parameters and motion pa-
rameters, one must:

1. Form a video sequence. To do this, first apply a mark to
the measured object that locks the current position of the ob-
ject, or use the existing significant differences in brightness and
color between the subject and the background. Video sequence
settings must be adjusted according to the current measure-
ment conditions and a priori information about possible values
of motion parameters.

2. Divide the video sequence into individual frames ac-
cording to the camera specifications (the number of frames per
second) and measure the geometry and current coordinates of
the objects.

3. Determine the current coordinates of objects to calculate
their movement parameters. This can be done in different ways,
depending on the requirements for the accuracy and speed of
the information-measuring system:

—measure the current coordinates of the object’s path in
one fixed line for each frame;

— average the results of measurements of the current coor-
dinates of the object’s path in 7 adjacent lines (1<n<N, where N
is equal to the number of rows in which the image of the object
is based on the results of segmentation of the frame to the mea-
sured objects and background);

—measure the coordinates of the center of masses of the
object.

4. Programmable image processing, which gives the current
coordinate values in the discrete points of the image (that is, it
is the row number and column with a contour point). The dig-
ital image in the computer is stored and processed as a matrix,
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the elements of which characterize the brightness or color of the
corresponding points on the surface of the measured object [5].
That explains the use, in intermediate calculations, of coordi-
nates expressed in discrete points (d.p.). In accordance with the
generally accepted units of length, the results of measurements
of the coordinate in d.p. need to be converted into meters, cen-
timeters, and millimeters. To do this, one needs to apply scale
coefficients, which are calculated according to the size of the
image. Such a scale coefficient indicates the distance in mm
between adjacent discrete points.

5. Apply a scaling coefficient to obtain current coordinates
in mm, cm, m.

6. Calculate the movement, speed, acceleration of objects
based on the geometrical parameters, current coordinates of
objects, and numerical methods of differentiation, or alternative
software-algorithmic computational methods.

7. Apply software-algorithmic methods for processing mea-
surement results to increase the accuracy of determining the
parameters of motion of objects, for example, exponential
smoothing procedures containing measured motion parame-
ters. It is also possible to use the complexation (combination)
according to the scheme of filtration of measuring information
from a video sequence and from an accelerometer mounted on
technological equipment.

8. Visualize the results of determining the parameters of
object movement in numerical and graphical form.

The measured values and results of numerical calculations
in the information-measuring system can be stored in the form
of a sequence of records and general informatization about
the conditions of measurement and the characteristics of the
formed video sequence (Fig. 4).

With this form of storage of measuring information, each
database entry corresponds to one frame of a video sequence
and the values of motion parameters at a certain point in
time obtained on its basis.
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Fig. 4. The window for displaying the measured and calculated values of motion parameters in a text format



5. 3. Experimental study of the information-measur-
ing system and the method for determining parameters of
objects’ movements

The proposed structural scheme of the information-mea-
suring system and the method for determining the parameters
of the movement were tested and tested during the experi-
mental study. The practical task of measuring and controlling
the movement of technological equipment in the quarry for
the extraction of block natural stone [4, 10] was solved. The
separation of stone blocks from the array of rocks of the depos-
it is carried out with the help of a diamond-rope installation.
An important condition for obtaining high-quality articles
is to ensure the stability of displacement parameters and the
speed of both the installation and the diamond rope. The ex-
isting means of indirect control of motion parameters is deter-
mining the current of the main drive of the installation. Under
the conditions of the technological process, it is desirable to
control instantaneous fluctuations in the rate of sawing and
the magnitude of movements, which can lead to deviations in
the geometric shape of the surface of the blocks, an increase
in waste in the subsequent processing, and a decrease in the
quality of blocks.

The use of the designed system for measuring the param-
eters of objects’ movements with an adaptive inter-frame in-
terval of a video sequence could lead to the following useful
consequences:

— optimization of technological process parameters;

— improving the quality of blocks and production tech-
nology;

— dynamic control over technological process parameters.

An example of the obtained video sequence with mea-
suring information about the parameters of movement of the
diamond-rope unit is shown in Fig. 5.

The resulting video sequence is divided into frames of
1,280x1,024 d. p., the frequency is 30 frames per second, the
total length of the video sequence was 1 minute 18 sec.

Based on frames of 1,280x1,024 d. p., we also formed
three sequences of frames of 320x240 d. p., 640x480 d. p.,
1,024x576 d. p. Such dimensions in d. p. correspond to the
typical standard values of videos and images processed
and visualized by means of information and computer
technologies.
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We determined the current coordinates of the diamond
rope unit for calculating the parameters of movement, in this
case, in three different ways:

1. Measuring the current coordinates of the object’s path
in one fixed line for each frame.

2. Averaging the results of measurements of the current
coordinates of the object’s contour in 7=30 adjacent lines.

3. Averaging the results of measurements of the current
coordinates of the object’s contour in =100 adjacent lines.

4. Measuring the coordinates of the center of masses of
the object.

Smoothing the coordinate and speed of the movement
involved exponential smoothing; the smoothing coefficient
in our case is £=0.7.

In the above results of the experimental study, we show
only the horizontal coordinate because the movement of the
diamond-rope installation is executed horizontally.

With the greater expansion, as a reference, we choose
to average the results of measurements of the current coor-
dinates of the object’s path in n=100 adjacent rows. With a
smaller expansion, as a reference, we choose to average the
results of measurements of the current coordinates of the
object’s contour in n=30 adjacent rows.

Measurements take place in real time, so one needs to
reduce the amount of computational information.

Real-time images also have lighting and dust interference.

The purpose of our experimental study was to obtain
the size of frames in a video sequence and to devise a
method for determining the current coordinates, provid-
ing an acceptable accuracy of measurements of motion
parameters. It is also necessary to take into consideration
the need to determine the parameters of movement in real
time, which predetermines a possible decrease in the num-
ber of computational operations in the processing of video
sequence frames. This can be implemented by reducing the
size of frames; selecting one of the first three ways to deter-
mine the current coordinates; using an adaptive inter-frame
interval of the video sequence.

To assess errors, the reference values of the current
coordinates were obtained for the center of mass of the ob-
ject from a video sequence of 1,280%x1,024 d. p. This is the
most accurate and, at the same time, most time-consuming
option for determining coordinates in
computational terms, compared to oth-
er techniques affected by errors in the
discreteness of coordinates in a digital
image (Fig. 6).

It was experimentally established that
the distribution of errors in determining
the current coordinates of the object (the
body of a diamond-rope installation) is
approaching normal (Fig. 7).

Therefore, generally known valu-
ation approaches based on the mean
square value and interval estimates can
be applied to this error.

Based on the software-algorithmic
processing of the results of measure-
ments of current coordinates, assess-
ments of their errors were obtained: the
maximum error value (Fig. 8), the sys-

Fig. 5. Video sequence with measuring information about motion parameters

tematic and random component of this
error (Fig. 9).
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Fig. 6. The results of measurements of the current coordinates of the object (the body of a diamond-rope installation):
a — measurement of the coordinates of the object’s contour in one line of the image; b — measurement of coordinates of the
center of masses of the object; 1 — image size, 1,280%x1,024 d. p.; 2 — image size, 320x240 d. p.
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coordinate of the object’s path in 100 adjacent rows)
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Fig. 8. Maximum error value in measuring the coordinates of an object (the body of a diamond-rope installation):
1 — measurement of the coordinate of the object’s contour in one line of the image; 2 — averaging the coordinate of the path
in 30 adjacent lines; 3 — averaging the coordinate of the contour in 100 adjacent lines; 4 — measurement of the coordinates of
the center of masses of the object
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Fig. 9. Errors in measuring the coordinates of an object (the body of a diamond-rope installation: @ — systematic component;
b — random component: 1 — measurement of the coordinate of the object’s contour in one line of the image; 2 — averaging the
coordinate of the contour in 30 adjacent lines; 3 — averaging the coordinate of the contour in 100 adjacent lines; 4 — measuring the
coordinate of the mass center of the object



Next, the speed of movement of the object (the body
of a diamond-rope unit) was calculated according to the
numerical integration procedure in line with (1), (2);
the speed error assessment was obtained (Fig. 10, a). In
addition, exponential smoothing was applied to the ob-
ject’s velocity countdowns and error assessments were
obtained (Fig. 10, b).

5. 4. Selecting adaptive parameters for a time video
sequence and estimating the accuracy of determining the
parameters of object movement

Based on the results of our experimental study of the
information-measuring system and motion parameters mea-
surement errors, it is necessary to define the adaptive pa-
rameters for time video sequences, providing the required

accuracy and speed of these measurements
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in practical tasks.

In the experimental study, the adaptive
inter-frame interval of a video sequence was
adjusted in accordance with the speed val-
ue at the interval of the observation of the
movement of a diamond-rope unit.

Averaging the coordinates of a path in
adjacent rows and exponentially smoothing
the speed countdowns improve the accuracy of
determining the motion parameters of objects.

Our experimental study has revealed
several features in the application of the
information-measuring system and methods
for processing measuring information. The
research was carried out using a practical
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An important issue in the experimental
study is to determine the parameters of im-
ages in a video sequence (the size at discrete
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points and an inter-frame interval). One also
needs to choose a procedure for measuring
the current coordinates of the object, which
are used further to calculate the parameters
of movement in real time. At the same time,
conflicting requirements are to ensure the
speed of measurement of motion parameters
in real time and ensure high accuracy of the
results of these measurements.

Based on the experimental data, we see
that the simplest option is to determine the
current coordinates of the path in one fixed
line of a video sequence’s frames. However,
due to the influence of the discrete nature of
digital images, the accuracy of determining
the current coordinates is insufficient. The
systematic error is up to 4.8 mm, the rms
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Fig. 10. Random error of speed measurement results: @ — based on numerical
differentiation; b — based on exponential smoothing: 1 — measuring the
coordinates of the object’s path in one line of the image; 2 — averaging the
coordinate of the path in 30 adjacent lines; 3 — averaging the coordinate of
the contour in 100 adjacent lines; 4 — measurement of the coordinates of the

center of masses of the object

The obtained data on errors in the results of measure-
ments of motion parameters were stored in the informa-
tion-measuring system. They were subsequently used to
select adaptive parameters for a time video sequence.

1000 1100 1200 1300

value of the random error is up to 4.7 mm,
the maximum error value is up to 13.6 mm at
the size of images of 320x240 d. p. (Fig. 8, 9).
Calculating the coordinates of the mass
center is a complex computational procedure
that gives much better accuracy of measur-
ing the coordinates of an object but it cannot
be performed in real time.

Therefore, it is advisable to average the
coordinates of the object’s path in adjacent
lines of each frame of the video sequence.
The number of 30 and 100 averaged rows
produces an almost similar result in accuracy. In terms of
improving the speed of determining the current coordinates
and motion parameters in real time, it is best to average the
coordinates of the path in 30 adjacent lines at the number of



30 frames per second in the video sequence. In this case, sub-
ject to compensation for the systematic component, the error
in determining the current coordinates is 1.2 mm with a
confidence probability of 0.95 for the frames of a video se-
quence of 1,024x576 d. p. (Fig. 8, 9). Given the default block
size (1,500...2,000) mm and the corresponding displacement
range of the diamond-rope unit, this is quite an acceptable
result in terms of the accuracy and speed in determining the
parameters of objects’ movements.

When applying software-algorithmic procedures of ex-
ponential smoothing to the sequence of values of current
coordinates, there was no significant increase in the ac-
curacy of these values. This is due to the already existing
averaging of the coordinates of the path in adjacent rows,
which reduces the effect of random failures on the results of
measurements.

In contrast, exponential smoothing of the current val-
ues of the speed of the object (the body of a diamond-rope
installation) turned out to be effective. The speed calcula-
tion was carried out according to the methods of numerical
differentiation for the countdown of the current coordinates
obtained from a time video sequence, formed at a frequency
of 30 frames per second. Applying the software-algorithmic
procedures of exponential smoothing ensured an increase
in the accuracy of determining the speed of an object,
by (1.4...1.6) times, at the dimensions of a video sequence
frames of 640x480 d. p. and 1,024x576 d. p. (Fig. 10).

6. Discussion of results of studying the method
and system to determine the parameters of objects’
movements

Our research results testify to solving successfully the
task of devising a method for measuring motion parameters
using time video sequences. The structural diagram of the
information-measuring system supports the implementation
of the devised method and the adaptation of video sequence
parameters to the conditions of measurement.

At the same time, the accuracy and performance indica-
tors of the devised method and the system for determining
the parameters of movement are explained by the influence
of the following factors:

—software and algorithmic methods used for the pro-
cessing of measured video information;

—the structure and characteristics of the informa-
tion-measurement system’s units;

—errors inherent in the components of the measuring
channel, which forms and transforms the measuring video
information about the parameters of objects’ movements.

An important feature of the proposed method for de-
termining the parameters of movement is the fundamental
possibility of using structural methods to increase accuracy,
namely the use of two measuring channels in the construc-
tion of an information-measuring system. Unlike existing
measurement circuit complexation schemes, one or both
channels can use contactless measurements of current coor-
dinates and motion parameters of objects using digital video
cameras and time video sequences. In accordance with this,
the structural scheme of the system was designed, which,
in combination, provides the choice of parameters of a time
video sequence in accordance with the current values of the
parameters of movement of industrial objects and the condi-
tions for conducting measurements (Fig. 2, 3).

In addition, an important feature of our results in
comparison with the existing ones is the use of software-al-
gorithmic methods for improving accuracy, provided that
measurements are performed in real time. These are using
contour coordinate processing in adjacent image lines, expo-
nentially smoothing the calculated motion parameter values
according to (5), and adaptively adjusting the time-based
video sequence settings.

The simplest computational and fast-acting methods
of numerical differentiation do not take into consideration
the presence of a discrete error in the measured coordinate
counts. Therefore, averaging the coordinates of the object’s
path in adjacent lines of each video frame has been applied.
To increase the accuracy of measurements, exponential
smoothing of coordinates and motion parameters was also
applied, as well as adaptive parameters of a time video se-
quence based on a priori information about the movement
of the measured object. These methods make it possible to
reduce dynamic errors when changing the parameters of
motion of objects that are measured and controlled.

The procedures for the formation and processing of time
video sequences (the second task of our research) ensure
obtaining measuring information about the parameters of
objects’ movements. However, it is necessary to note the
limitations inherent in this study. Significant differences in
brightness and /or color between the surface of the measured
object and the background of the image must be ensured.
That is due to the further distribution of the image to the
area of the object and background and determining the cur-
rent coordinates of the object’s contour in the software-al-
gorithmic support to the information-measuring system. If
such a difference is not previously available, then it is possi-
ble to apply a contrast mark on the surface of the measure-
ment rotation before measuring its movement parameters.

It is also necessary to ensure the optical interaction of
the device for the formation of digital images with the object
of measurement.

We have experimentally tested the software-algorithmic
methods of accuracy improvement, provided that measure-
ments are performed in real time. This is the use of the
coordinate processing of the path in adjacent lines of the
image (Fig. 7-9), the exponential smoothing of the calcu-
lated values of motion parameters according to (5), and the
adaptive adjustment of a time video sequence’s parameters.

At the same time, conflicting requirements are to ensure
the speed of measurement of motion parameters in real time
and ensure high accuracy of the results of these measure-
ments.

During our experimental study, the simplest methods of
numerical differentiation were used to calculate the speed of
a diamond-rope unit. However, these methods do not take
into consideration the presence of error in the measured
coordinate counts. The most significant error is the error
of discreteness for one coordinate of the path (Fig. 6, a),
determined by the resolution of the formed digital image.
Calculating the coordinates of the center of masses is a com-
plex computational procedure that eliminates the effect of
discrete error and gives much better accuracy of measuring
the coordinates of an object (Fig. 6, b). However, such a pro-
cedure cannot be performed in real time.

Therefore, an effective measure was the averaging of
the coordinates of the object’s path in adjacent lines of each
frame of the video sequence. It is established that the best is
to average the coordinates of the path in 30 adjacent lines



at the number of 30 frames per second in a video sequence.
If the systematic component is compensated, the error in
determining the current coordinates is £1.2 mm with a con-
fidence probability of 0.95 (Fig. 9, b).

The exponential smoothing of the time sequence of co-
ordinates and motion parameters was used to increase the
accuracy of measurements. Unlike smoothing the sequence
of current coordinates, the exponential smoothing of the
current values of the speed of the body of a diamond-rope in-
stallation turned out to be effective; the accuracy increased
by (1.4...1.6) times (Fig. 10).

Setting the adaptive time video sequence parameters
based on a priori information about the movement of the
measured object makes it possible to reduce the inter-frame
interval and the interval between adjacent countdowns of
the measuring information being processed. As a result,
our results with lower dynamic errors describe changes in
the parameters of motion of objects that are measured and
controlled.

The specified structural and algorithmic methods ensure
taking into consideration the existing patterns of objects’
movements and reducing the errors when measuring motion
parameters.

A deterrent and limitation for the development of soft-
ware and algorithmic methods of video sequence processing
is the use of microprocessor systems and microcontrollers,
rather than a powerful computer. This is due to the influ-
ence of adverse factors on the information and measurement
system under working conditions of measurements during
production. Overcoming this limitation implies the use of
specialized computing tools and chips of microcontrollers
designed to process digital images in a parallel computing
mode.

As a disadvantage of this study, we can note the set-
ting of the adaptive parameters of a time video sequence
immediately before the start of measurements based on a
priori information about the movement of the measured
object. Therefore, for further research, an important task
is the practical implementation in the software-algorithmic
support of procedures for adapting the video sequence pa-
rameters directly during real-time measurements. It should
be noted that achieving this would require the derivation
of mathematical formulas to assess the parameters of move-
ment with variable steps between the countdowns of the
current coordinates of objects.

The area of further development of our experimental
research is also the use of two channels for acquiring mea-
suring information about the parameters of movement of a
diamond-rope installation and other objects of production
purpose. In this case, it will be necessary to theoretically
determine the transfer functions of two measuring channels
according to (7) and Fig. 1 in the information-measurement
system.

7. Conclusions

1. We have proposed a measuring method and a struc-
tural scheme of the information-measuring system for
determining the parameters of objects’ movements. The
objects measured and controlled can be a variety of in-
dustrial articles and parts of production equipment used
in their manufacture. A carrier of the measuring informa-

tion about the current geometrical parameters and motion
parameters of objects is a time video sequence containing
images of these objects. The parameters of the video se-
quence and individual images are adjusted in accordance
with the current values of motion parameters and the
requirements for measuring procedures. Accordingly, the
parameters of the movement of such objects character-
ize the course of the technological process, compliance
with the requirements of regulatory documents, while
the operational control over motion parameters in real
time ensures an improvement in the quality of industrial
articles.

2.To acquire measuring information about the pa-
rameters of objects’ movements, a time video sequence is
gradually processed by the software-algorithmic support
to the information-measuring system. A video sequence is
formed that contains significant differences in brightness
and/or color between the subject and background. It is
then split into individual frames according to the current
adaptive settings and the frames measure the geometry
and current coordinates of the objects. This is performed
by averaging the results of measurements of the current
coordinates of the object’s path in 30 adjacent lines, in
which an image of the object is available based on the
results of segmentation of the frame to the measured
object and background. In addition, a scaling coefficient
is additionally used to obtain current coordinates not
in discrete points of the image but in generally accepted
units of length. The movement, speed, acceleration of ob-
jects based on current coordinates of objects and numer-
ical methods of differentiation and software-algorithmic
methods of increasing the accuracy of determining move-
ment parameters are calculated.

3. The experimental study was carried out using a
practical example of determining and controlling the
parameters of movement of a diamond-rope installation
separating blocks of natural stone from an array of rocks
of the deposit. To improve the accuracy of determining
the parameters of objects’ movements, it is recommend-
ed to use structural methods (the use of two measuring
channels in the construction of an information-measuring
system). It is also necessary to apply the software-algo-
rithmic methods for processing the measuring informa-
tion (averaging the coordinates of the path in adjacent
lines of the image, exponential smoothing of the calculat-
ed values of motion parameters, adaptive adjustment of
time video sequence parameters).

4. Subject to compensation for the systematic com-
ponent, the error in determining the current coordinates
is £1.2 mm with a confidence probability of 0.95 for the
frames of a video sequence of 1,024x576 d. p. Given the
typical block size of (1,500..2,000) mm and the corre-
sponding displacement range of a diamond-rope unit, this
is quite an acceptable result in terms of the accuracy and
speed of determining the parameters of objects’ move-
ments. The speed calculation was carried out according
to the methods of numerical differentiation for the count-
down of the current coordinates obtained from a time vid-
eo sequence, formed at a frequency of 30 frames per sec-
ond. By applying the software-algorithmic procedures of
exponential smoothing, an increase in the accuracy in de-
termining the speed of an object is achieved, by (1.4...1.6)
times, at the dimensions of the video sequence frames of



640x480 d. p. and 1,024x576 d. p. The area of further
experimental research can be to use two channels for
acquiring measuring information about the parameters
of movement of a diamond-rope installation and other
objects of production purpose.

To improve the accuracy of determining the param-
eters of objects’ movements, it is recommended to use
structural methods (the use of two measuring channels
in the construction of an information-measuring system).
It is also necessary to apply the software-algorithmic
methods for processing measuring information (averaging
the coordinates of the path in adjacent lines of the image,
exponential smoothing of the calculated values of motion
parameters, adaptive adjustment of time video sequence
parameters).

Our experimental results indicate the possibility of the
practical application of the designed information-measuring
system and the proposed software-algorithmic methods for
processing measurement results.
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