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Preface

Smart electromechanical systems (SEMS) are used in cyber-physical systems
(CPhS). Cyber-physical systems are the ability to integrate computing, communi-
cation and storage of information, monitoring and control of the physical world
objects. The main tasks in the field of theory and practice CPhS are to ensure the
efficiency, reliability and safety of functioning in real time. It is important to bear in
mind that recently, the task of ensuring the functioning of robots as a part of
collective performing joint work is set. In this case, control consists in making
control decisions as problems arise in accordance with the dynamically changing
environment of choice. This requires another level of control, which would be the
interface between the group and the operator, setting targets, and which can be
attributed to the optimization problems of situational control. Moreover, the oper-
ator or decision maker can be not only a person but also a computer program that
makes decisions.

The purposes of the publication is to introduce the latest achievements of sci-
entists of the Russian Academy of Sciences in the theory and practice of SEMS
Situational Control and development of methods for design and simulation of
SEMS Situational Control based on the principles of safety, flexibility and adapt-
ability in behavior and intelligence and parallelism in information processing,
computation and control.

Topics of primary interest include, but are not limited to the following:

Problems and principles of situation control

Methods and algorithms of situational control

Information and measuring support of situational control systems
Simulation of situation control.

This book is intended for students, scientists and engineers specializing in the
field of smart electromechanical systems and robotics and includes many scientific
domains such as receipt, transfer and pre-treatment measurement information,
decision making theory, control theory, working bodies of robots that imitate the
complexity and adaptability of biological systems.
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Control



The Principles of Situational Control )
SEMS Group er

Andrey E. Gorodetskiy

Abstract Problem statement: Solving the problems of situational control of SEMS
modules in complex robotic systems (CRS) play an important role in the intellectu-
alization of the CRS. The article describes and analyzes the principles of situational
control SEMS group in CRS. Purpose: Statement of the problem of situational con-
trol group SEMS and analysis of the principles of situational control in terms of
stochasticity and uncertainty of the environment of choice. Results: The concept of
situational control is considered, the generalized mathematical description of a prob-
lem of situational control of group SEMS is received, the methodology and various
approaches to the organization of situational control of group SEMS are analyzed.
Practical significance: The possibility of realization of the proposed mathematical
formulation of the problem of situational control of SEMS by means of computer
technology with parallel organization of calculations is shown.

Keywords Situation control -+ SEMS groups - Selection environment -
Deterministic - Stochastic and not fully defined constraints + Fuzzy mathematical
models + Operations and algorithms for finding optimal solutions

1 Introduction

Situational control (from lat situatio-position) is the operational control of a group
of interacting dynamic objects with appropriate behavior [1]. Such control consists
in making control decisions as problems arise in accordance with the dynamically
changing environment of choice [2]. This requires another level of control, which
would be the interface between the group and the operator, setting targets [3, 4],
and which can be attributed to the optimization problems of situational control [5,
6]. Moreover, the operator or decision-maker (DM) can be not only a person, but
also a computer program that makes decisions. In the works [7-9] on situational
management of enterprises and other socio-economic objects under the environment
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of choice understand the management situation as a specific set of circumstances that
have a significant impact on the work of the organization at the moment. Pospelov [5]
expands the concept of the situation, adding to it information about the relationships
between objects and says that “the current situation is a set of all information about
the structure of the object and its functioning at a given time.” All information
also includes cause-and-effect relationships, which can be expressed in a variety of
sequential events or processes. In this sense, the situation is fundamentally different
from the state and events that can only correspond to one point in time.

In case of situational control of the SEMS group, similarly to the group of robots,
the environment of choice or the environment of the control problem can be under-
stood as a subjective assessment of specific characteristics of SEMS and the external
environment (situational variables) and the relationships between them that take place
at the present time, but depend on the events that occurred and developing in time
and space [10-14].

The creation and development of situational control systems of the SEMS group
requires a lot of resources to collect information about the objects and the control
environment, their dynamics, control methods, as well as to systematize this infor-
mation within the semiotic model. Therefore, it is considered that the method of
situational control is appropriate to apply only in cases where other methods of for-
malization lead to the problem of too large (for practical implementation) dimension
[15].

2 The Concept of Situational Management

The concept of situational control of a group of interacting dynamic objects can be
reduced to the following system of basic provisions:

— there is no universal approach to control, as it depends on the specific problem
situation in the environment of choice, requiring different approaches to their
resolution;

— situational probabilistic and not fully defined factors are taken into account in the
strategies, structures and control methods, thereby achieving effective decision-
making;

— there is more than one way to achieve the control goal and it is necessary to find
the optimal way;

— the results of decision-making on control in the same environment of choice due to
its stochasticity and incomplete certainty may differ significantly from each other;

— any decision on control should be considered only in close connection with other
problems of interacting dynamic objects;

— decision-makers (computer programs) can adapt the characteristics of interacting
dynamic objects to the situation (the environment of choice) or change the situation
according to the requirement of the control goal;
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— decision-makers should have psychologically comfortable conditions for interac-
tion with controlled dynamic objects.

Thus, situational control is primarily the art of the decision-maker, to correctly
identify and assess the situation and to choose the most effective control methods
that best meet the situation and control goals. In this case, the control process should
consist of the following mandatory steps that must be implemented by the control
system to achieve effective control in each specific situation:

— creating the necessary conditions for changes in the dynamic configuration space
of managed interacting dynamic objects;

— creation of a database and knowledge base on the environment and management

facilities;

identification and analysis of the situation in the environment of choice;

— selection of approaches and methods of optimal control in the current situation;

development of control actions for the conduct required to achieve control objec-

tives change in the dynamic objects;

— assessment of the likely consequences of situational control.

By formalizing the environment of choice or environment tasks of situational
control you must meet the following conditions:

— the selection environment must contain a finite number of factors and describe
their state and relationships;

— the environment of choice should contain factors that significantly affect the objects
of control, since it is impossible to take into account the influence of absolutely
all factors when making a decision;

— the selection environment must contain factors that affect the interaction of control
objects in the group;

— in the environment of choice, it is necessary to take into account the causes and
consequences of possible control situations.

Compliance with the latter condition leads to the need to classify control situa-
tions. This is due to the fact that their recognition is the first stage of the process of
resolving situational control tasks. To date, a large number of classifications of con-
trol situations with different classification characteristics and depth of decomposition
have been developed. As a basis for the analysis and resolution of control situations
can be used a model based on the account of a number of sources of control situa-
tions in the environment of the choice of a group of robots, considering their content
characteristics and the use of known strategies for resolving situations to control a
group of SEMS. The following main types of restrictions can be distinguished:

— technological, which are determined by the type and flexibility of interacting
SEMS;

— intellectual, reflecting the levels of competence of the Mat. providing control com-
puting systems that make decisions considering changes in the environment of
choice;
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— limitations in the formulation of the problem due to the actual nature of the work
performed by the group of interacting SEMS.

3 The Principles of Situational Control SEMS Groups

In any approach to the organization of situational management of the SEMS group,
it is necessary to collect information about the environmental parameters, the current
state of individual SEMS from the group, the planned actions of the group members,
etc. Generally after collecting the information, a model of the selection environment
is created O(t). Then the planning situation control group SEMS will be:

— in the division of group tasks into subtasks:

O(th) = O(t1)...0(ty) = Of(ty) €))
U(th) Ulty)
where U (tx) = {uq, (1), tay (), - . . , ta, (tx) }, uq, (tr)—control action applied to g;

SEMS atatime f;, k =0, 1, ... f, in distribution between SEMS of group of solutions
of subtasks so that the solution of a group task was carried out in the minimum time
taking into account the available restrictions, including on information interaction.

In general, the solution of the group problem of situational control will be the
synthesis of the search algorithm, i.e. the ordered set @ C €2 of the many alternative
combinations of controls U(#;). This should be the best combination of management
laws for each member of the SEMS group u,, (t;) € U (t), obtained on the basis of
quality estimates Q, constructed taking into account the system of preferences E and
selection environments O(%).

w c2Yx 0Y, 2

where 2Y—denotes the set of all subsets U, and QV—set of all quality ratings (tuples
of length from 2 to |Ul), x—sign of Cartesian product.

In order to make the most effective decisions in a given situation in an O(#;)
selection environment and to make the appropriate changes in the group of interacting
SEMS in the best possible way, the decision makers must have certain principles or
rules containing fundamental requirements for effective control, the most important
of which are the following:

— competence, i.e. the correct use of the mathematical apparatus in the formalization
of the environment of choice and completeness of information about the current
state of control objects and the environment;

— the ability to make decisions in the absence of precedents, when no control situ-
ation, no matter how standard it may seem, can not be absolutely similar to any
situation that has taken place in the past;
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— the presence of the relationship of situational variables, when all the factors of the
situation constitute a single whole, a system and therefore somehow affect each
other;

— the presence of dual influence of factors when situational factors have different,
sometimes even contradictory characteristics;

— continuity of changes, when changes in control objects and their external environ-
ment, one way or another, occur constantly;

— irreversibility of changes when any control action puts the SEMS group on a new
stage of configuration space change;

— the ability to react quickly when the constant change of situational variables
requires continuous development of control decisions aimed at adapting the SEMS
group to these changes;

— the presence of prerequisites for changes, when along with the constant monitoring
of changes, it is necessary to continuously monitor the presence of prerequisites
and conditions necessary to bring the parameters of the SEMS group in line with
the changed situation;

— compliance with the optimal ratio of results and costs in the formation of the
optimality criteria with the greatest approximation of the SEMS group to the
goals;

— the possibility of a priori decision, which allows not only to correctly assess the
situation and respond to its change in a timely manner, but also to anticipate
possible changes in this situation;

— the ability to make decisions not only the formation of changes in the SEMS group
when the situation changes, but also the partial adaptation of the environments of
choice to the control goals;

— compliance with the psychological comfort of the interaction of the decision-maker
with the control SEMS.

It is desirable that all the requirements and principles are implemented in the cre-
ation of situational management systems in conjunction. Their combination depends
on the specific tasks solved by the SEMS group, the state of the environment of
choice, the hardware and software of the situational control system and some other
factors.

To implement these principles, certain methods of situational management of
dynamic objects have been developed [16]. Most often in situational control meth-
ods used system and situational analysis, factor and cross-factor analysis, genetic
analysis, diagnostic method, expert-analytical method, methods of analogy, morpho-
logical analysis and decomposition, simulation methods, game theory, etc. However,
the greatest effect and quality of control are achieved when the system of methods
is used in the complex, which allows you to see the control object from all sides and
avoid miscalculations.

It is possible to distinguish the following main tasks solved at creation of systems
of situational control of SEMS group:

— development of a system for monitoring the occurrence of critical situations requir-
ing situational analysis;
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— selection, adaptation and development of methods for collecting, analyzing and
synthesizing information about the environment of choice;

— selection of methods of statistical data analysis;

— definition and formalization of reference situations for each environment of choice;

— formation and updating of the database of situations;

— preparation of instrumentation, including the Mat. apparatus for determining the
factors characterizing the development of the situation and indices for assessing
their condition;

— definition and actualization of the factors characterizing the state of the situation,
assessment of their comparative importance, development of indices of the state
of the situation;

— selection and adaptation of methods of formation of evaluation systems;

— development of scenarios for the possible development of situations, including a
meaningful description and definition of a list of the most likely scenarios (options)
of situations, the formation of a list of the main factors affecting the development of
the situation, the identification of the most likely factors that affect the development
of the situation, and discarding those factors which can not have a significant impact
on the change in the situation;

— analysis of options for the development of situations to identify the main dangers,
threats, risks, strengths, prospects in the development of the situation;

— development of expert forecast of changes in factors and indices characterizing the
situation, presented in the form of the most likely scenarios of the situation with
the assessment of the stability of situations for the developed alternative scenarios
of their development;

— assessment of the development of the situation in terms of the possibility of achiev-
ing the goals of the SEMS group;

— synthesis of alternative management solutions and control actions to achieve the
goals of the SEMS group;

— development of recommendations for strategic and tactical decision-making in the
analyzed situation; on the mechanisms of their implementation; on control over
the implementation of decisions; on support of the implementation of decisions;
on the analysis of results, including an assessment of the effectiveness of decisions
taken and the effectiveness of their implementation;

— development of methods for the selection of the most effective solutions for the
situational control of the SEMS group under conditions of incomplete definiteness;

— development of interfaces between the decision maker and the SEMS group, pro-
viding psychologically comfortable interaction conditions.

The development of interfaces between decision-makers and SEMS one of the
main objectives is the establishment of psychologically comfortable conditions of
interaction of the DM with the group control SEMS. This issue has recently received
a lot of attention. In particular, in [17] analyzes the ways of assessing the success of
the dialogue, as well as the means of registration and analysis of preferences of DM,
necessary to configure the interfaces of DM and intelligent robots, and concludes
the need to take into account the psychological aspects of their interaction. In [18]
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there is a need to equip robots with tools that would help him to respond to the rapid
“decision-making”, to exclude the choice of a bad decision and to act in such a way as
to maximize the safety of people, thereby increasing human confidence in the robotic
system. In [19] an approach to control the behavior of robots based on the mechanism
of emotions and temperament is proposed. It is demonstrated that these psychological
features can be modeled in quite simple ways. The proposed emotional architecture
of the robot control system is based on the V. P. Simonov’s information theory of
emotions, and the features of temperament are reduced to a two—parameter model of
the “excitation-inhibition” type. A number of experiments based on mobile robots are
described. These experiments demonstrate a set of different types of robot behavior:
melancholic, choleric, sanguine, and phlegmatic. All these types were implemented
using the so-called temperament regulator, which determines the balance between
the values of the excitation and inhibition parameters of the robot control system. The
paper also proposes an automatic model of temperament, which allows describing
the behavior of an individual. On the basis of this model, it is shown that in solving
some problems of collective behavior it is advisable to have individuals with different
behavior in a group. And this behavior is also determined by the individual emotions
and temperament of the robot.

4 The Methodology of Situational Control SEMS Group

Situational control of the SEMS group uses the method of control of complex tech-
nical and organizational systems, based on the ideas of the theory of artificial intel-
ligence and the representation of knowledge about the objects of control, ways to
control them and the environment of choice at the level of logical-interval, logical-
probabilistic and logical-linguistic models, the use of training as the main procedures
in the construction of control procedures for current situations and the use of deduc-
tive systems to build multi-step solutions [20].

The solution to the problem of situational control of the SEMS group can be
represented as the following sequence of operations (see Fig. 1):

— formalization on the basis of collected by the sensors of the Central nervous system
SEMS in the database and knowledge of information about the current situation in
the current environment of the choice of dynamic control objects creates its Mat.
description that is supplied to the Analyzer input.

— analysis, that is, evaluation of received messages and determination of the need for
intervention of the control system in the process occurring in the control objects.
If the current situation does not require such intervention, the Analyzer does not
send it for further processing. Otherwise, the description of the current situation
enters the Classifier.

— classification using the information stored in the Analyzer and classification of
the situation to one or more classes, which correspond to one-step solutions. The
analyzer passes this information to the Correlator.
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Fig. 1 Scheme of solving Description
the problem of situational current situation
control

Formalization

A 4

Analysis

Classification

A 4

Extrapolation t Correlation

Impact

v

Random
of choice

define the SEMS group transformation rules to be used. All rules of transformation
of the SEMS group in different situations are stored in the Correlator. These rules
are called logical-transformational rules (LTR) or correlation rules. The full list of
LTR determines the capabilities of the situational control system to influence the
control objects to solve the task. The correlator determines the LTR, which should
be used. If such rule is unique, it is issued for execution.

if there are several such rules, the choice of the best of them is made after processing
the preliminary decisions in the Extrapolator, after which the Correlator gives a
decision on the impact on the object.

if the Correlator or Classifier cannot make a decision on the received description
of the current situation, the random Selection block is triggered and one of the
influences that have not too much influence on the objects is selected, or the
system refuses any impact on the objects. This suggests that the control system
does not have the necessary information about its behavior in this situation.

In solving the problems of situational management is often used to build situational

models that simulate the processes occurring in the control objects and the control
system. They are constructed on the basis of the following basic operations:

1.

2.

creation of databases and knowledge about the environment, management objects
and control system in the computer memorys;

construction of models of control objects, the environment of the choice and the
control system;

description of states of objects and environment of choice in the class of semiotic
models;

formation of a hierarchical system of generalized descriptions of the States of
control objects and the environment of choice;

classification of states (situations) for possible solutions;
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6. forecasting the consequences of decisions;
7. training and self-study.

The necessity of operation 1 is determined by the need to turn on the computer
into the control loop at the earliest possible stages of assessment and control search
in order to increase the efficiency of the decision maker (DM). Typically, a decision
maker in situational control systems uses semantics, for example, semantic networks
in the form of a graph, whose nodes correspond to concepts and objects, and arcs to
relations between objects.

The content of operation 3, complementing the second, is that the representation
of all the necessary models is carried out with the help of elements of the language
in which the DM describes the management system and its functioning. Usually DM
in situational control systems uses semantics, such as semantic networks in the form
of a graph, the nodes of which correspond to the concepts and objects, and the arc
relationships between objects.

The differences between semiotic and formal systems are as follows:

— semiotic systems have the set of signs absent in formal systems, possessing, in
particular, plans of expression (syntax) and content (semantics);

— unlike formal systems, semiotic systems can independently change their syntax
and semantics;

— semiotic systems are open, not closed, as formal.

The main stages of the system based on situational models include:

— obtaining a description of the current situation available on the analyzed control
object and the environment of choice;

— replenishment of micro description of the situation;

— classification of the situation and identification of classes of possible solutions to
the used estimates of system;

— output of permissible values of estimates (in this case there is a reverse movement
on hierarchical levels of knowledge representation of the situational model);

— predicting the impact of acceptable decisions as final estimates;

— decision making on estimates.

The work of such systems under conditions of incomplete certainty is based on
the analysis of logical-probabilistic and logical-linguistic rules, logical inference
and optimization procedures of mathematical programming in ordinal scales and
generalized mathematical programming [20].

5 Conclusion

The problem of finding the optimal algorithm of situational control always arises

when it is necessary that some group of SEMS together to perform some work.
The natural restriction on the time of optimal decision-making on situational con-

trol of the SEMS group in real time imposes restrictions on the number of members
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of the controlled group and the distances between them associated with the dynamics
of the environment of choice and the dynamics of the controllability of the SEMS
themselves.

The classification of situations, which consists in assigning the current situation to
one or several classes corresponding to some control, allows to simplify and acceler-
ate the planning of situational control of the SEMS group. If the resulting solution to
the classification problem is unique and the selected class of situations requires some
certain impact on the objects, then the objects are served associated with this control
class. At the same time, one of the prerequisites for the effective application of the
situational approach should be observed: the number of possible control decisions is
significantly less than the number of possible situations [5]. Otherwise, it is necessary
to solve the problem of analysis of the current situation in the environment of choice
O(t1), which turns into the task of assessing the previous control in order to make a
decision on changing the plan of situational control. Adjustment of the plan of situ-
ational control at each subsequent step does not necessarily lead to the construction
of an optimal plan, since in the aggregate the selected step-by-step path to the goal
will not be guaranteed to be optimal (the control process may not be Markov). It is
therefore necessary before making a decision about the plan situational control to
simulate the control group SEMS. For example, on the basis of fuzzy mathematical
modeling of poorly formalized processes and systems [20], which allows for step-
by-step construction of the path to go back and discard non-effective sections of the
path. Naturally, such a search for the optimal plan of situational control based on
modeling requires additional computing power and time from the control system.
Significant progress in this direction can provide parallelization of calculations, i.e.
simultaneous passage of all possible ways of the plan of situational control with the
subsequent decision on optimality.
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The Problem of the Choice of the Satellite | M)
Orbit in the Formation Adaptive Mirror L
System of the Space Radio Telescope

Antenna

Andrey E. Gorodetskiy, Vugar G. Kurbanov and Irina L. Tarasova

Abstract Problem statement: The correct choice of the orbit on which the spacecraft
is placed, largely determines its functionality in the distant operation. The article deals
with the issues related to the choice of orbits of satellites that form the mirror system
of the radio telescope. Purpose: Approaches to solving the problem of the choice of
the satellite orbit in the formation adaptive mirror system of space radio telescope
antenna. Results: The factors influencing the motion of the artificial earth satellite are
analyzed. The suitability of various orbits of artificial earth satellites for the formation
of a mirror system of a space radio telescope is evaluated. Practical significance:
Recommendations on the choice of the orbit for artificial earth satellites used to form
an adaptive mirror system of the space radio telescope antenna are given.

Keywords Space radio telescope + The adaptive mirror system + Control
elements + SEMS - Alignment + Focus adjustment - Automatic control system *
Satellite orbit - Equation of motion of satellites + Influencing factors

1 Introduction

The reflecting surface of the mirror two modern large radio telescopes with a parabolic
shape (the primary mirror) and ellipsoidal (correlator) reflect the boards installed in
the managed elements [1]. Alignment and focusing of the mirror system is carried
out by correcting signals from the radio telescope control system [2, 3]. To eliminate
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the influence of the earth’s astronomical climate, reflecting shields with controlled
elements are installed on artificial earth satellites (AES), which are put into earth
orbit [4]. In this case, it is possible to achieve high values of the aperture surface
utilization factor (SUF) by adjusting the antenna surfaces to the operating frequency
range, the absence of weight and wind deformations of the antenna design elements
and the elimination of the influence of the earth’s astronomical climate. However,
in this case, the formation of a mirror system in orbit by artificial satellites is much
more complicated and a number of problems arise related to a large temperature
drop, solar radiation, periodic adjustment of the position and orientation of satellites
that require appropriate energy consumption, etc. In this case, one of the primary
problems is the problem of choosing the orbit of the satellite in the formation of an
adaptive mirror antenna system of such a space radio telescope.

2 Factors Affecting the Movement of Satellites

The shape of the orbit, which is derived from the final stage of the flight of the launch
vehicle, is determined by the amount of kinetic energy reported to the spacecraft by
the launch vehicle, i.e. the value of the final speed of the latter. In this case, the value
of the kinetic energy reported by the satellite must be in a certain relation to the
energy of the field of the Central body, which exists at a given distance r from its
center (see Fig. 1). For circular orbits with values r close to the radius of the Earth
R = 6371 km, the final speed of the launch vehicle to launch the spacecraft into such
an orbit will be V ~ 7900 m/s. This is the so-called first space velocity. For elliptical
orbits, the final velocities will be V3 = (7900-11,200) m/s.

The motion of the AES in orbit can be represented as the motion of a material
particle of infinitesimal mass () in the gravitational field of a Central body of mass
M under the action of forces determined by the potential function U, and a set of
forces P that have no potential. Then the differential equations of particle motion in
the inertial rectangular coordinate system associated with the Central body M can
be represented as [5]:

Fig. 1 Orbit of the
spacecraft in the field of the
Central body. 1—Central
body; 2—force field of the
Central body; 3—circular
orbit; 4—elliptical orbit;
S—parabolic orbit;
6—hyperbolic orbit
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dx _ U
mis =2 1 p )
with initial conditions
X0 = x(to), Xo = x(to) ()
where U = — % —R,x=(x1,x2,x3)T —the position vector of the satellite; #—physical

time; r—the module of the vector position; u = k*M, k—constant of gravitation;
U = U(t, x), 9/dx—gradient. And the first term in U—the potential due to the
attraction of the spherical Earth, considered as a material point, and the second term
is the potential of disturbing forces. The influence of the non-spherical component
of the earth’s gravitational field is usually considered as a disturbing force having a
potential in the problems of the dynamics of the satellite. All other forces, including
the influence of the moon and the Sun, the position of which is given either in a table
or in the form of series obtained outside the problem of the movement of the satellite,
are forces that have no potential.

When introducing the force due to the influence of the earth’s non-sphericity into
equations (1), it should be remembered that the equations of motion are written in
the inertial coordinate system, and the potential of the earth’s gravitational field is
related to the rotating coordinate system rigidly connected to the Earth.

The solution of equations (1) in the case of undisturbed motion is obtained, for
example, in [6]. Lagrange equations for osculating Kepler elements are also used in
the construction of analytical and numerical-analytical algorithms for predicting the
motion of satellites. In these equations, the changes of the elements are associated
with partial derivatives of the perturbing function of the elements. Newton-Euler
equations are used, as a rule, in the problems of numerical prediction of the motion
of satellites, as well as in the construction of analytical and semi-analytical theo-
ries of motion to account for perturbations from forces without potential. Lagrange
equations are used to account for perturbations from potential forces in analytical
methods. In addition, canonical variables can be used in the construction of analytical
and numerical-analytical theories taking into account all types of perturbations.

A significant contribution to the perturbation of the satellite is influenced by
tidal deformations occurring in the body of the planet under the influence of the
external body attraction. At present, complete tidal models are developed that take
into account the elastic properties of the Earth, for example, the model [5]. In addition,
modern models take into account the influence of tidal deformations occurring in the
ocean and the earth’s atmosphere [7].

The perturbing influence of the moon and the Sun, especially noticeable in the
motion of satellites in an elliptical orbit, is considered to be independent of each
other. The main difficulty in taking into account the lunar-solar influence will be to
represent the coordinates of the disturbing body in the required form [8].

One of the non-gravitational perturbations acting on the satellite is the light pres-
sure. It is usually assumed that the power of the solar radiation flux is constant and
the light pressure is always directed along the Earth—Sun line. The main difficulty in
calculating the perturbations caused by light pressure is to take into account the effect
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of the satellite entering the earth’s shadow. To remedy this difficulty is possible by
the introduction of a perturbing acceleration of the so-called shadow mode to 3 [9].
And 3 = 1, if the satellite is illuminated by the Sun, § = O—otherwise. In the General
case, the shadow has a conical shape, but in those cases where high precision is not
required, it can be considered that, given the remoteness of the source the shadow
has a cylindrical shape.

The main factor determining the lifetime of satellites in circular and elliptical
orbits is the height of the first and the height of the perigee of the second, where
the main braking occurs. On the satellite, moving at an altitude of 150-1500 km, a
noticeable effect is the resistance of the atmosphere. The air resistance force acting
on the forward motion of the satellite is directed opposite to the speed of the object
relative to the air. The greatest difficulty in determining disturbances from the atmo-
spheric resistance is in calculating the density of the atmosphere [10]. In changing
the parameters of the atmosphere there is a periodicity associated with the rotation
of the Earth around the Sun, with the rotation of the Sun around its axis, with the
change in solar activity during the eleven-year cycle, etc.

Models of the atmosphere, taking into account the dependence of its parameters
not only on the height, but also on the above factors, are called dynamic. Since
the construction of these models is a laborious process, in practice they use various
simplified models. For example, a static model of the atmosphere, which makes
it possible to determine the density as a function of height and does not take into
account the dependence of density on time. Local models of the atmosphere, suitable
only for a given range of heights and for a certain time interval, are also widely used
in practice. The simplest example of a local model is the so-called isothermal model.

As a rule, simplified models of the atmosphere are used in the construction of
analytical and numerical-analytical algorithms for predicting the motion of satellites.
With numerical methods, depending on the conditions of the problem, models of all
types can be used: dynamic, statistical, local.

3 Assessment of the Suitability of Various Orbits
of Artificial Earth Satellites for the Formation
of a Mirror System

The orbits of artificial earth satellites (AES) are determined by the initial conditions
set when the satellite is put into orbit, and by the action of natural forces on the
passive flight section [11]. You can divide the appearance of the orbit into five groups
: e = 0—circle; 0 < e < 1—ellipse; e = 1—parabola; 1 < e < co—hyperbole; e =
oo—straight (degenerate case). For artificial satellites, the plane of the earth’s equator
is usually chosen for the reference plane. At the moment, for the placement of the
space radio telescope (SRT) perspective circular and elliptical orbits (Fig. 2).
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& e=0 e=0.5 e=0.75 e=0.9

Fig. 2 Changing the appearance of an elliptical orbit with increasing values of eccentricity

3.1 Circular and Near-Circular Orbits

These orbits have eccentricities of 0—0.03. The height above the Earth’s surface for
such satellites varies little during the flight, which facilitates the description of the
movement of AES and their stabilization in orbit, depending on the action of various
disturbing forces, which in turn depend on the altitude of the flight of AES.

Depending on the altitude of the satellites of this class of orbits are divided into
low-flying, medium-high and high-flying.

Low-flying AES move at altitudes H = 200-1500 km. The main sources of dis-
turbances at such distances from the Earth are the non-sphericity of the Earth and
the resistance of the atmosphere. The prevailing is the compression of the Earth.
Atmospheric resistance plays a significant role up to a height of 500-600 km and
significantly affects the movement for altitudes up to 1500 km. Although the per-
turbations caused by the compression of the Earth are much more perturbations due
to the resistance of the atmosphere, they do not significantly change the orbit of the
satellite, but only rotate it in space. Braking in the atmosphere even at high alti-
tudes (1000-15,000 km) changes the orbit of the satellite and, in fact, determines the
duration of its existence.

When controlling AES in such orbits, the lowest power of control signals and their
delay in the communication channels are required. However, their stabilization in
orbit requires the greatest energy reserves. Therefore, the life time of such satellites
is small and their use in the SRT is impractical.

Medium high AES is the exoatmospheric AES moving at altitudes up to
30,000-35,000 km. The main disturbing factors are the Earth’s non-sphericity and
the gravitational influence of the moon and the Sun. The prevailing factor is still the
compression of the Earth. Starting at an altitude of about 20,000 km, the perturbations
from the attraction of the Moon and the Sun become comparable to the influence of
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anomalies of the earth’s gravity. Braking in the atmosphere at these altitudes will be
significantly lower.

When controlling satellites in such orbits, more power of control signals is required
and their delay in communication channels is also greater than in the previous case.
Stabilization of such satellites in orbit requires less energy reserves and the lifetime
of such satellites is higher. However, their use in the SRT is impractical because of
the still short lifetime in orbit.

High-flying AES satellites are moving at altitudes H > 30,000 km. For such satel-
lites, the perturbing influence of the Moon and the Sun becomes equal to or greater
than the perturbation from the compression of the Earth. Starting at 50,000 km, the
attraction of the moon and the Sun exceeds all other gravitational perturbations.

When controlling AES in such orbits requires even more power control signals
and their delay in the communication channels as even more than in the previous
case. However, to stabilize such satellites in orbit requires less energy and a higher
lifetime of such satellites. Therefore, such orbits are most suitable for use in the SRT.

Among the circular orbits of the satellites, it is necessary to distinguish those that
have periods of revolution commensurate with the period of rotation of the Earth.
These are geostationary orbits, which are very popular and are used to accommo-
date many types of satellites, including satellites for scientific research. However, the
phenomenon of resonance, which occurs due to the commensurability of the aver-
age motion of the satellite with the earth’s rotation frequency, generates additional
disturbing forces. They can have a significant impact on their orbits and require addi-
tional stabilization with energy costs. In addition, the disadvantages of geostationary
orbits are the following:

— the control signal travels a greater distance, and therefore, there are large, in com-
parison with LEO or MEO, losses;

— the cost of delivery and placement of the satellite into GEO-orbit is higher-due to
the higher altitude above the Earth;

— long distance from the Earth to the satellite leads to large signal delays;

— the geostationary satellite orbit can only lie above the equator, and therefore there
is no coverage of polar latitudes.

For geostationary AES is considered as satellites with periods from 22 to 26 h,

[TPR1]

eccentricities “e” is not more than 0.3 and the angles of tilt of the orbital plane to

the plane of the equator “7”” to 15°, but in some sources, you can find more detailed
classification, and more stringent border.

3.2 Elliptical Orbit

Weakly elliptical orbits are characterized by moderate eccentricity, 0.03 < e <0.2. For
them, the height difference in the apogee and perigee ranges from several hundred to
several thousand kilometers. By the influence of disturbing forces, satellites of this
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class of orbits are amenable to the classification given for circular orbits depending
on the height of H.

High elliptical orbits are characterized by large eccentricities, e > 0.2. At the
same time, the height of satellites in the apogee can exceed the height of satellites
in perigee by tens or hundreds of times. Satellites with such orbits are called high-
altitude. They do not lend themselves to the convenient classification given by us
for circular orbits, since all the main types of disturbances can be essential for them:
from the earth’s non-sphericity, the resistance of the atmosphere, the attraction of
the moon and the Sun.

The lifetime of such AES in orbit is much longer, as they experience less inhibition
in the atmosphere on most of the trajectory in orbit. However, effective management
with a small delay is possible on a site with a small distance from the Earth (in
the perigee region). Nevertheless, these orbits can be considered promising for the
placement of the mirror antenna system of the space radio telescope.

The elliptical orbit of the AES is shown in Fig. 3 in the absolute geocentric
(Equatorial) coordinate system. The origin of the system is combined with the center
of the Earth. The OZ axis is directed along the axis of rotation of the Earth towards
the North pole. The axis OX lies in the Equatorial plane and is directed to the point
of the spring equinox. The OY axis completes a Cartesian right-handed coordinate
system.

Fig. 3 Elements of the orbit of AES in space. 2—ascending node longitude (AN), i—orbit incli-
nation, w—perigee argument, P—perigee, A—apogee
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4 Conclusion

The advantage of the geostationary orbit is that the satellite located on it is always
in the same position. This allows you to send a fixed antenna to the ground station.
The laws of geometry tell us that the only option for making one revolution per day,
the satellite always remained above one point of the earth’s surface, is its circulation
in the same direction in which the Earth itself rotates. In addition, the satellite must
not move in its orbit either to the North or to the South. All this can be achieved only
if the orbit of the satellite passes over the equator.

Even if the satellite is in geostationary orbit, it is affected by some forces that
can slowly change its position over time. Such factors as the elliptical shape of the
Earth, the attraction of the Sun and the moon, as well as a number of others increase
the potential deviation of the satellite from its orbit. In particular, not quite round
shape of the Earth near the equator leads to the fact that the satellite attracts to two
stable points of equilibrium—one of them is over the Indian ocean, and the second—
approximately on the opposite part of the Earth. As a result, there is a phenomenon
called East—West libration, or movement back and forth. In order to overcome the
consequences of such movement, there must be a certain amount of fuel on board
the satellite, which allows it to carry out “supporting maneuvers” that return the
satellite clearly to the required orbital position. The necessary time interval between
such “support manoeuvres” is determined in accordance with the so-called satellite
deflection tolerance, which is determined mainly by taking into account the beam
width of the ground station antenna. This means that the normal operation of the
satellite does not require any adjustment of the antenna.

Very often, the period of active operation of a satellite is calculated from the
amount of fuel on board, necessary to maintain the location of the satellite in one
orbital position. Most often, this period is several years. After that, the satellite begins
to drift in the direction of one of the equilibrium points, after which it is possible to
decrease and then enter the Earth’s atmosphere. Therefore, it is desirable to use the
last available fuel on Board in order to raise the satellite to a higher orbit in order to
avoid its possible negative impact on the operation of other spacecraft.

Elliptical orbits of the satellite are promising for the formation of a mirror system
of the space radio telescope, as most of the trajectory in orbit they experience less
inhibition in the atmosphere. However, effective control with a small delay is possible
on a site with a small distance from the Earth, i.e. in the perigee region.
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Assessment of Situational Awareness )
in Groups of Interacting Robots L

Alexander Ya. Fridman and Boris A. Kulik

Abstract Problem statement. Groups of proactive SEMS-based robots need to be
taught for cooperative functioning. Efficiency of learning and teaching algorithms
has to be checked by modeling. The concept of situation awareness (SA) provides
a promising tool for such checks. Purpose of research: Concretization of the con-
cept of SA for the tasks of organizing the teamwork of interacting robots. Results:
Quantitative assessment of SA and its three main aspects (perception of environ-
mental elements, comprehending of the situation and projecting future statuses) for
groups of robots. Practical significance: Objective specification of self-assessment
functions for equal-ranking robots allows to prevent conflicts among them, and to
ensure coordination of robots interactions within hierarchical groups.

Keywords SEMS-based robot « Robots cooperation - Quantitative assessment of
situation awareness + Coordination of robots interactions

1 Introduction

Cyber-Physical Systems (CPSs) are considered to be the most promising platform to
develop the basic paradigm of adaptive self-learning systems, which integrate control
information systems with elements of accumulation and application of knowledge
to achieve complex objective functions. Control remains the key question in such
models, because the effectiveness of system operation depends on how the chosen
behavior corresponds with reality. Besides, it is vitally necessary to create principles
of network organization and group control for individual intelligent systems that
make up a distributed environment of artificial intelligence. The determining factor
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in this case is priority of coordination—horizontal interactive links above the ver-
tical “purely competitive” strategies in complex integrated systems. This includes
relations between control agents (Vehicle-to-Vehicle, V2V) and between each agent
and the outer surrounding infrastructure (Vehicle-to-Infrastructure, V2I) [22].

Relations of cooperation and coordination between individual cognitive units play
a key role in formation of multi-level integrated structures with elements of group
control strategies due to inefficiency (and in some cases impossibility) of solving
complex problems by individual isolated subsystems [2].

Despite all evident advantages, robots are still rarely used in large groups simul-
taneously. This is caused by the fact that most of modern robots are still not ready
for group interaction [11].

The above-introduces citations confirm the authors’ opinion that techniques to
model and estimate group behavior of individual robots are topical now. With this in
mind, below we propose a specification of the concept of the situational awareness
(SA, see, for instance, one of the first publications in this area [4]) for the task of
comparative analysis of robots’ interactions by means of the SA paradigm.

2 SA Basics and Their Features for Robots and Groups

At present, the concept of SA (for example, [3, 4, 18]) describes the most general
principles of preparing and processing information for implementing a situational
approach in dynamic subject areas. SA is especially important in professional activ-
ities, where the flow of information can be quite high, and bad decisions can lead
to serious consequences. This is especially evident in high-dynamic subject areas
(for instance, piloting an aircraft, military actions, handling seriously ill or wounded
patients, etc.).

SA has become a widely used construct within the human factors community, the
focus of considerable research over the past 25 years. Patrick and Morgan [20] found
some 17,500 articles discussing SA in a Google Scholar search as early as in 2010.

This paradigm is not widespread in Russia yet, there are only few ideas for apply-
ing this approach to solve specific problems [1, 21, 26]. That is why we consider
SA a promising tool for the task of modeling and testing cooperation within groups
of robots. Some researchers criticize this approach for being too general (see, in
particular, [3]). It seems that the general principles of SA really become constructive
only in relation to a specific model of decision-making in a particular subject area.

Situation awareness includes consciousness of what is happening in the environ-
ment in order to understand how information, events and personal actions will affect
goals and objectives in the current moment and in near future. Insufficient or incor-
rect SA is considered to be one of the main factors associated with accidents caused
by the “human factor” [18]. Nevertheless, to our minds, it also needs to be taken into
account in the considered below problems of modeling robots’ interaction [2, 11,
15, 22], where aspects of team SA [10] are especially significant during teaching the
robots.
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For better perception, main statements of SA are rendered below in ifalics. First
we analyze general features of basic SA requirements to robots’ interactions and
then proceed to our proposals on considering these features.

To achieve SA, it is necessary to ensure correct processing of information at three
levels: perception of environmental elements, comprehension of the current situation
and projection of future status [4]. In our case, perception of a robot is modeled by a
share of essential parameters (cues [4]) of the current situation this robot considers in
its internal model; comprehension depends on the degree of correspondence between
the robot’s actions and the actions desired for fulfillment of the group task; projection
is determined by correctness of choosing the robot’s local plan compared to the plan
desired for the whole group. To combat the “information explosion” at the levels of
perception and comprehension, effective means are needed to determine essential
factors from the set of available measurements and observations.

In the works by M. R. Endsley, the founder and leader of the SA paradigm, it is
repeatedly noted (for example, [7]) that a high level of SA is most often achieved by
experts in solving a particular task, and not by beginners (although she always notes
that miracles do happen). For a robot, solving of this problem is shifted onto the
personnel in charge for modeling and teaching, and eventually onto decision makers
(DMs) who ought to be experts in their subject domain; therefore a sufficient level
of SA looks quite achievable.

Correct setting of priorities during selection and subsequent analysis of available
information is one of the main problems in achieving an acceptable level of SA [7]. To
this end, it is necessary to properly form performance criteria systems for individual
robots and their groups; our proposals will be introduced below.

The input to the SA attainment procedures is the state of the environment; these
procedures are followed by decision making and performing some actions [8, 9].
To our mind, decision making and estimation of robots’ behavior will be easier
to implement if we model hazardous situations and emergencies as extension of
the model of normal functioning [16] by assigning every essential variable with a
safe range (SR) [16, 25]. Technologically, this is done by analyzing certain expertly
formed conditions and the degree of danger of getting out of an SR. The degree of
danger of the current situation must be taken into account when assessing SA. This
approach also allows to search for critical processes and objects, problems in which
greatly reduce SA, determine moments of transition of a robot from the mode of
normal operation to an abnormal mode, calculate the degree of SA loss during such
transitions, if the simulation is done in a unified discretized space [13] that allows
for presence of both numeric and string variables in the state vector of an object.
Thus, the “usual” conceptual space (for example, [17, 24, 27]) expands and becomes
applicable also for hazardous operating modes of a group of robots.

Sets of critical cues (parameters) allow for using a mental scheme (model) to indi-
cate, instantly classify and understand prototypical situations [7]. In the task under
study, this is a significant and fast raising of the general performance criterion, which
indicates inefficiency of the current mode of functioning (assuming correct values
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of input parameters of the task), as well as getting of values of certain essential vari-
ables beyond their SRs that displays a possibility of occurring some events initiating
emergencies and accidents [25].

Situation awareness is an internal mental model of the state of the environment
comprehended by an operator (in our case, a DM). It is built by applying system
knowledge, knowledge about interfaces of some software means and the world around
it. SA, decision making and effective performance are different steps that interact
within a continuous cycle, which can be broken by other factors [7, 8]. Applying
SA to the robots’ interactions results in choosing an initial situation (this is system
knowledge of the most important parameters characterizing the state and behavior
of the group under study) and, after simulation, in choosing a new (or conserving the
former) criteria system for further functioning of the group or its any part, as well as
in selecting among possible alternatives to implement the chosen class of behavior.

When analyzing the temporal characteristics of SA, M. Endsley points out impor-
tance of considering the speed of change in the surrounding world, which should
correspond to the speed of decision making by the operator [7]. For this purpose, it
looks reasonable to use values of gradients (increments) [12] of the quality criteria
for the whole group and the means of analyzing sensitivity of supposed decisions
to changes in parameters of these criteria. The values of the gradients of the criteria
naturally show the possible time interval for predicting (projecting) the behavior of
the modeling object: the larger these gradients are, the shorter is the interval of a
reliable forecast due to inevitable uncertainties in assessing characteristics of robots
and their environment.

3 SA Measurement

In original papers on SA measurements and measures, the general idea is based on
test polls of operators working on simulators either in real time or with resuming
simulation to fill polling lists. The first technique is implemented by SPAM (Situation
Present Assessment Method) [5]; its main drawback is considered as restricted num-
ber of test questions. To apply the second approach, SAGAT (SA Global Assessment
Technique) [5, 6] was created.

According to the SA authors, SA measures and metrics should [5-7]:

— measure the construct that is needed, and not a reflection of other processes;
— SA depends on states, not on processes;

— for SA, relative values are more important than absolute values;

— the ideal SA is the exact knowledge of all relevant aspects of the situation.

Most of these requirements are automatically satisfied if we find quantitative SA
measures independent on human factors, the rest ones can be achieved to the extent
defined by adequacy and detailedness of the model used for teaching robots. Sure, this
model (just as any other model) cannot reveal situations, which were not provided in
it, but it gives opportunities to investigate SA for different modes of robots’ operation.
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As for providing teamwork of intelligent agents (where robots evidently belong
to), below we render few ideas from [10].

In a team, the certain role played by a team member determines his/her current
subgoal that assists in reaching the general team goal. For peer-ranked groups of
robots, such subgoals are set during modeling and teaching procedures; in hierarchi-
cal collectives, the subgoals are formed by the coordinator(s) of the collective.

Accumulated team SA can be defined as “the degree to which every member
obtains the SA needed for implementing his/her duties” [4]. Hence, we can estimate
the total degree of SA for a team according to the “principle of the weakest link” as
the minimal value of SA achieved by a member of the team.

Let us now advance to some proposals on measuring and considering SA in robots’
group functioning. These measures resulted from rethinking the above-briefed basic
ideas of the SA paradigm.

3.1 Peer-Ranked Group of Robots

In a peer-ranked group of proactive robots, each of them ought to be treated as a
separate DM. Then it is possible to introduce and calculate the achieved degree of
SA for each of the DMs.

Since M. Endsley and her colleagues have repeatedly shown (for example, [7])
that not absolute, but relative values of SA are important, we assume that values
of the total degree of SA (SAD) and each of its three components (perception of
environmental elements, comprehension of the situation and forecast of future status)
are characterized by a non-negative number with the maximal value of 1. Since these
components are considered independent on each other [9], the total SAD is reasonable
to calculate as their product. Thus, for a quantitative assessment of the degree of SA,
currently achieved by each decision maker who has a given area of responsibility
(decision area—DA), we introduce the following formula:

SAD; = PD; x CSD; % FD;, (1)

where PD; is the degree of perception of the environment that depends on the share
of the number of input cues for the DA of a DM, which can change without her/his
participation, in the total number of cues needed for performance of this DM. Thus,
we propose that

n
PD; =

(@)

9
n+m

where 7 is the number of the input cues for the DA;, m is the number of cues generated
by the DA, and used by other DMs;
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CSD; is the degree of comprehension of the situation; it is a synthesis of the
elements of the PD; (measure of proximity of the current state of the system to the
ideal state) [7];

FD; (forecast degree) is determined by the change rate for the current situation in
the DA,

To calculate CSD; and FD; for a robot, it looks sensible to immediately estimate
deviations between its current and desirable state. In our opinion, the overall deviation
can be calculated by our earlier developed generalized performance quality criterion
(PQC) (see, for example, [14]):

L N 172 L 12
a; — ajo 2
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where a; are essential output parameters of this object, their total number is m;

ajp and Aa; > 0 are adjusting parameters that reflect requirements of the coordi-
nator or a teacher to the nominal value @; and its allowable deviation Aa; from this
value, respectively;

da; = % is the relative deviation of the actual value of the signal a; from its
nominal value a;.

If we assume that q; are current values of scalar PQCs for a robot, and their nom-
inal values equal a;9, then (3) is a generalized criterion with importance coefficients
inversely proportional to the allowable deviations of scalar criteria, which corre-
sponds to common sense: the more important this scalar criterion is for the decision
maker, the less acceptable are its deviations from the nominal value.

The value of the criterion (3) will be equal to unity if values of all its arguments
are on the verge of tolerances:

& =1, ifla; — a0l =Aa;, i=1m. @)

This value does not exceed unity if all arguments are within tolerances.
The specific value of a change in the criterion (3) when one of its arguments
changes:

D /da;
8@,‘ ::=—=m<1>8ai, (5)
ACZ,’

characterizes the relative sensitivity of the criterion to a change in this argument.
Considering (3)—(5), we assume that CSD; depends on the vector of residuals of

the own PQC for the DA; 3a”"" = | /3>7_, 8a? and the vector 3a" = />7/, 8a?
of residuals for the input cues of the DA;, while FD; is determined by temporal
increments of the quality criterion (3). The greater is the magnitude of these incre-
ments in time, the shorter becomes the interval of reliable forecast due to inevitable
uncertainties in assessment of characteristics of the robot’s state and the environment.
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When developing formulas for estimating components of SA, it is necessary to
take into account their desirable asymptotic properties that appear from the semantics
of these concepts.

For CSD;, they are as follows:

when 8a™" — 0 and 8a”"" — 0, CSD; — 1;

when Sa’,"w” >> 1,CSD; — 0;

when Saf” >> 1,CSD; — 0.

Hence, a permissible formula for evaluating CSD is:

2 — 3a?" — dal"

CSD; = —
2 — (3a™")? — (3a")?

(6)

Asymptotic properties of FD; are:

with ¢ — 0 and AD — 0 FD; — 1, T; — , where T; is the interval of a
reliable forecast;

at |A<I>i| — oo FD;, — 0,T; — 0;

at®d, >> 1FD; — 0,T; —» 0.

So, a valid formula for FD is:

FD;, = 1—e 7, @)
where f‘, is the smoothed value of T,

T = ———, 8
D, |AD;]| &

and o > 0 sets the time scale (dynamics) of operation of the DA,;.

If the used above presupposition regarding equal importance of all involved cues
for performance of a robot is inacceptable, this importance can be made different by
weighing shares of cues with some expert-estimated coefficients similar to moving
totals techniques. Additional options to make formulas more flexible and adjustable
appear within the discretized state space [13] where an expert can consider different
degree of danger for each value of every cue by assigning weights to distances
between those values.

3.2 Hierarchical Groups of Robots

Any hierarchy can be reduced to a two-level system with a Coordinator on the upper
level and a set of local DMs on the lower level [15]. There we proposed coordination
techniques for such a system with usage specific values (5). All local DMs were there
supposed to have peer ranks. Now that we can calculate SAD for every DM (robot in
our case), it looks reasonable to consider these SADs for coordination as well. First,
we can scale feedbacks from local DMs to the Coordinator by their SADs. Second,
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the SAD of the Coordinator is equal to the minimal SAD of its subordinated DMs
(robots), see Endsley and Jones [10] and the previous section of this paper. This way
we can calculate SADs for robots’ collectives with arbitrary structure.

4 Conclusion

The proposed correlations (6)—(8) make it possible to objectively evaluate importance
of decisions of every DM and take this importance into account when searching for
a balance of interests of all DMs who take part in teamwork, in order to coordinate
their actions and eliminate conflicts.

These ideas were derived from the earlier developed approach to measuring SA
in industry-natural complexes [14] explored by means of the situational conceptual
model (SCM). Besides investigation of such complexes, the introduced approach
looks prospective for estimating SA in SCM-based supply chain management (for
instance, [23]) and development networks of intelligent situational centres [19].
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Features of Individual and Collective m
Operation of Mobile SEMS Modular Gzt
Type on Basis of Octahedral Dodekapod

in Conditions of Incomplete Certainty

Sergey N. Sayapin

Abstract Problem statement: the article presents the problem of situational moni-
toring and manipulation operations using mobile robotic systems for individual and
collective (Swarm Systems) operations under conditions of incomplete certainty, for
example, in an environment opaque to optical, radio, ultrasonic and other physical
control methods. Purpose of research: the aim of the research is to solve the problem
with the help of an original mobile intelligent adaptive spatial parallel robot of mod-
ular type with 12 d.o.f., called the Octahedral dodekapod (OD). Results: it is shown
that the OD can be operated individually and as part of Swarm Systems, as well
as combined with other similar robots in reconfigurable mobile robotic structures.
The ends of the rods of the adjacent edges of the octahedral structure are inter-
connected by spherical hinges. This provides the spatial structure with geometric
immutability when the linear rod drives are switched off and all the rods work only
on tension/compression. As a result, the OD has a higher specific carrying capacity
compared to other types of spatial mobile robots. The description of the OD and
its functionality are given. Practical significance: One of the functionality of this
robot is the ability through mechanical contact to build 3D-maps of the surrounding
space with reference to the base (inertial) coordinate system. This makes it possible
to move the OD and to monitor the environment, as well as to make manipulation
operations “blindly” in conditions of incomplete certainty, for example, in an envi-
ronment opaque to optical, radio, ultrasonic and other physical methods of control.
This gives undeniable advantages over other types of mobile robotic systems when
operating under conditions of incomplete certainty. Examples of possible application
of OD under extreme conditions with incomplete certainty in different environments
are shown.

Keywords Mobile parallel robot - SEMS - Octahedral dodekapod (OD) - 3D maps
of the surrounding space + Monitoring under conditions of incomplete certainty
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1 Introduction

Currently, in anumber of areas of national economies there is a problem of conducting
situational monitoring and manipulation operations with the help of mobile Smart
Electromechanical Systems (SEMS) of modular type in conditions of incomplete
certainty, for example, in an opaque environment to optical, radio, ultrasonic and
other physical methods of control. At the same time, such robotic systems should
be able to be operated both individually and collectively as part of swarm systems.
One of the areas of the economy requiring situational monitoring and manipulation
operations is the global network of pipelines for various purposes. It is well known
that pipelines are pipes which are used for carrying oil, gas, water, and etc. over
long distances. Therefore, in today’s world pipelines are one of the most important
values, both in the economy and directly in our daily lives. The pipeline can consist
of underground, overhead, subsea pipeline sections, or a combination of these. The
pipeline includes horizontal and vertical pipe sections with different pipe bends
(Fig. 1). The pipeline can contains some pipes with variable cross-section also.
The pipeline damage may lead to a leak of dangerous oil, gas, etc. A water leak
can also be a problem. Therefore, pipeline inspection is an essential activity to better
understand the condition of any pipeline, ultimately to ensure that all assets are fully
operational with a long life cycle which can be well over 25 years since initial instal-
lation. It should be noted that some pipeline repairs and modification are inevitable
and necessary during the course of an asset lifecycle. Mobile SEMS modular type
for pipe inspection and repair as necessary are needed where people cannot go, or
where the hazards of human presence are great (smaller size, longer range, increased
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Fig. 1 The main types of pipe connections in branched pipelines and the planned directions of
movement of in-pipe robots
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maneuverability, high level of irradiation, and etc.). Therefore, the main use of such
robotic vehicles is nuclear power plants, conventional power plants, refineries, chem-
ical and petrochemical plant, offshore rigs, long distance city heating pipelines, food
and drinks industries, communal waste water pipe systems, gas pipelines, etc. This
type of the robotic vehicle is one of the fastest growing the fields of intelligent robotic
vehicle of today. The types of inspection tasks are very different. As a result there are
a large number of different robotic vehicles for pipe inspection which can be divided
into three groups: inside [1-3], outside [4-7], and dual-purpose [8—11]. According
to [3], existing pipe inspection robots can be classified by their different movement
pattern into one or more of the seven main types, as shown in Fig. 2: pig type (a),
wheel type (b), caterpillar type (c), wall press type (d), walking type (e), inchworm
type (f), and screw type (g). These robots can also be categorized by their different
locomotion methods: wheeled, inchworm, snake, and legged, as in [2].

However, there are a number of limitations that make it difficult or impossible to
use them for in-pipe inspection and repair operations. Such limitations may include:
inability to operate in active and vertically located pipelines, including pipelines with
a steep slope to the horizon, inability to pass through curved sections of pipes and
sections with variable cross-section, including T-shaped and Y-shaped pipe connec-
tions and bends (Fig. 1), and the inability to move in the intertube space of coaxial
pipes.

At the present stage, mobile robots for in-line inspection in General should be
SEMS modular type built on mechatronic principles and high-performance informa-
tion technologies, capable of operating effectively and autonomously inside active
pipelines in changing conditions and in real time [1, 3, 12]. Therefore, there is the
desire of developers to create a universal in-pipe self-propelled robot modular type,
able to fully solve complex problems in the conduct of diagnostic and repair work.

@ (b) © (@

Fig. 2 Classification of in-pipe robots
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Fig. 3 Design of the
climbing parallel robot

In recent years, there has been an interest in considering the possibility of using spa-
tial parallel robots (SPR) based on SEMS for these purposes. Compared with serial
robots (SR) SPR have higher stiffness with low weight, and accuracy of the output
level, as well as the ability to manage high loads with high speeds of their movements.
Due to these qualities, SPR in recent decades are widely used in a wide variety of
objects of modern robotics, including pipeline diagnostics [13]. For example, the
paper [4] presents an original development of SPR with a manipulator capable of
self-displacement not only inside, but also outside the pipes of constant and vari-
able profile (with small changes in the diameter of the pipes in the place of their
connections), including the places of their connections (Fig. 3). According to the
principle of movement, it is similar to the wall press type (Fig. 2d) and structurally
is the Gough-Stewart platform with 6 degrees of freedom [13—15] in the form of two
rigid support rings 1, interconnected by six linear actuators 2 through spherical 3 and
universal 4 joints. The support rings 1 are made detachable in the form of half-rings,
some ends of which are pivotally connected to each other by hinges 5, and other
ends are connected to each other by the discrete clamps 6. Each of the rigid support
rings 1 have four radial compressive-spacer grip devices 7 to move the SPR from the
outside (Fig. 3a) and inside (Fig. 3b, c¢) pipes. One of the support rings 1 contains the
manipulator arm with gripper 8 also. Such the SPR (Fig. 3) has the high load-bearing
capacity and the free space in central part. As a result it has the ability to self mov-
ing and performs diagnostic and manipulation operations inside the active pipeline.
However, there are the following disadvantages: a larger number of drives, the lack
of gripping and spacer possibilities at the side faces, the inability to move the SPR
on the T-shaped and Y-shaped connections (Fig. 1), the small allowable value of the
difference in pipe diameters at the junction, the lack possibility of spatial positioning,
measurement of trajectory of in-pipe movement as well as of geometry pipe and its
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physical and mechanical properties. Also, this SPR is not able to move across open
surfaces and to unite with similar structures.

The new universal mobile SEMS modular type on basis of the Octahedral dodeka-
pod (from the Greek words dodeka meaning twelve and pod meaning foot or
equivalent support rod) with 12° of freedom which devoid of these disadvantages
is presented below.

2 SEMS on Basis of Octahedral Dodekapod and Its
Individual and Collective Applications in Conditions
of Incomplete Certainty

2.1 Description of Octahedral Dodekapod

Octahedral dodekapod (OD) was developed at the A.A. Blagonravov Mechanical
Engineering Institute of the Russian Academy of Sciences and was first reported at
the XXII International Congress on theoretical and applied mechanics ICTAM 2008,
25-29 August 2008, Adelaide, Australia) [16]. The results of kinematic and dynamic
studies of the OD are presented in [17, 18]. The OD is the parallel robotic mechanism
with twelve degrees of freedom. Every one of its triangular faces is formed by linear
drives that are connected with vertices of octahedron by spherical joints. As a result,
all faces of the OD can clamp/unclamp a thing with a closed loop surface of various
forms as well as put pressure on environmental surface of contact. This feature opens
new functionality of the OD versus a hexapod and others parallel spatial robots. The
schematic view of the single-module OD (a), the simplified structural scheme of the
control system (b), and the pneumo-hydraulic prototype of OD are shown in Fig. 4
[10, 11, 16-19].

The structural scheme includes maximal number of sensors, radial stops and
grippers. This number is dependent on the applications and it may be decreased. OD
is executed as the octahedral module (OM) 1. All ribs of the octahedron are executed
as the rods with the linear drives 2 each of which have the axial force sensor 3, the
medial force sensor 4, the relative displacement sensor 5, and the relative velocity
sensor 6. The ends of the adjacent ribs are connected by the spherical joints in the
points 7 (A, B, C, D, E, and F) of OM 1. The points 7 of OM 1 contain the radial
stops and the middles of the rods contain the grippers (on Fig. 4 were not shown)
each of which have the temperature sensor 8. OM 1 has 12 d.o.f., which is a spatial
farm as soon as all linear drives 2 are turned off. All points 7 of OM 1 have the spatial
position sensors 9 which are integrated with the three-axial acceleration sensors 10.
The control system (CS) 11 includes: the neural computer 12, the software 13 and
the digital-analog converter (DAC) 14. The inputs of CS 11 are connected to outputs
of the analog-digital converter (ADC) 15 of sensors 3 and 4, ADC 16 of sensors 5,
ADC 17 of sensors 9 and 10, ADC 18 of sensors 6, and ADC 19 of sensors 8. Outputs
of CS 11 are connected to inputs of the software 13 and DAC 14. The outputs DAC
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Fig. 4 a Schematic view of the single-module OD, b Simplified structural scheme of the control
system, ¢ pneumo-hydraulic prototype of OD

14 are connected to the power amplifier 20 which is connected to each of the linear
drives 2. The radial stops and the grippers (on Fig. 4 were not shown) provide the
transmission of the efforts from linear drives toward the internal and external contact
surfaces. The force sensors 3, 4 and temperature sensors 8 provide the operative
control of these efforts and temperature in the contact places. The spatial position
sensors 9 with three-axial acceleration sensors 10 provide the operative control of
the spatial position of points of octahedral module 7 and of vibration along each
of axes of rods with linear drives 2. The relative displacement sensors 5 and the
relative velocity sensors 6 of the linear drives 2 register their relative movements and
velocities. The conditions and the algorithms for movements of OD in straight and
coaxial pipes of constant and variable cross-sections with different bends as well as
along outside lengthy objects are represented below [10, 11, 16-19].
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2.2 Applications of OD to Use in-Pipe Inspection and Repair
Operations in Active Branched Pipelines with Variable
Cross-Sections and Outside Operations on Lengthy
Objects

2.2.1 Basic Parameters of OD and Its Possible Movements in Different
Kinds of Pipes and Along Column

It is obvious that the operation of OD in active pipelines with an opaque trans-
ported product should be carried out under conditions of uncertainty and requires the
development of new approaches to diagnostic and repair operations. The situation
is significantly complicated in case of clogging of the internal space of the pipeline.
Possibilities of OD movement in different kinds of pipes and along column is shown
in Fig. 5.

The OD, as shown in Fig. 6a contains 6 spherical joints (vertices A, B, C, D, E,
F) and 12 rods (ribs AB, BC, AC, DE, EF, DF, AD, AE, BD, BF, CE, CF) with linear
drives.

The vertices A, B, C and D, E, F form two parallel triangular faces (ABC and
DEF). The vertices A, B, C and D, E, F are the OD’s stops for a moving in the pipe.
When one of the faces in the pipe is fixed, the other face moves by simultaneous

(8
initial initial -+
_ stage “‘

stage 5
stage 4 ’;‘:{A

LA

Fig.5 OD movement in different kinds of pipes and along column: a terete or oval pipe, b pipe with
constant and variable cross-sections, ¢ quadrate pipe, d T- or Y-branch, e coaxial pipes, f elbow,
g column
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Fig. 6 The main parameters of OD when it is moved in a pipe of constant cross-sections

changes in the lengths of rods AD, AE, BD, BE, CE, CF, as shown in Fig. 6b. It is
assumed that during the motion of the OD no slippage between stops and the pipe.

The OD, as shown in Fig. 6a contains 6 spherical joints (vertices A, B, C, D, E,
F) and 12 rods (ribs AB, BC, AC, DE, EF, DF, AD, AE, BD, BF, CE, CF) with linear
drives.

The vertices A, B, C and D, E, F form two parallel triangular faces (ABC and
DEF). The vertices A, B, C and D, E, F are the OD’s stops for a moving in the pipe.
When one of the faces in the pipe is fixed, the other face moves by simultaneous
changes in the lengths of rods AD, AE, BD, BF, CE, CF, as shown in Fig. 5a. It is
assumed that during the motion of the OD no slippage between stops and the pipe.

Basic notations, as shown in Fig. 6:

lo, I,,—the minimum and maximum lengths of the rods of OD;

5—the diameter of the spherical joints of OD;

d—the internal diameter of the cylindrical section of the pipe length L

Is = (d—8)3%3/2—the rod lengths of faces ABC and DEF at the time of contact

their vertices with the inner surface of a pipe;

e Hi,—the minimum distance between the faces ABC and DEF (the length of the
side rods reaches the minimum length);

e H,.»—maximum distance between the faces ABC and DEF (the length of the side
rods reaches the maximum length);

e /iy = Hpax — Hpin—step of the movement of OD.
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2.2.2 The Algorithm for the Movement of OD in Pipe of Constant
Cross-Section

The algorithm for the movement of the OD in pipe of constant cross-section, as
shown in Fig. 5a:

e [nitial stage. The initial lengths of rods and initial position of the spherical joints
are assigned from conditions: Iy = lpc = lca = Ipp = lgr = lpr= ls=3%d/2;
lar = lgr=Ilpp = lcp = lcg = lag = .

Stage 1. The reduced length of rods AB, BC, CA from [ to [y.

Stage 2. The reduced length of rods AD, AE, BD. BF, CE, CF from [, to [.
Stage 3. The increased length of rods AB, BC, CA from [ to [;.

Stage 4. The reduced length of rods DE, EF, DF from [ to L.

Stage 5. The increased length of rods AD, AE, BD. BF, CE, CF from . to [,,.
Initial stage. The increased length of rods DE, EF, DF from [ to [;.

A repeat of all stages from stage 1 to initial stage.

2.2.3 The Algorithm for the Movement of OD in Pipe of Variable
Cross-Section

The main parameters when moving OD in a cylindrical pipe of variable cross section
are shown in Fig. 7. The pipe consists of two extreme cylindrical sections with
diameters d|, d, and an average conical section with length A. The complexity of the
problem is the possibility of collision of OD with the inner wall of pipe in transition.
It is therefore necessary to determine the ratio between the radii of the platform base
and the steps of movement. Obviously, to move inside the end sections must satisfy
the following inequalities: [2/5/3°°] < [(d| — 8)] < [2 1,,/3°7]; [21p/3%°] < [(d2 —
8)] < [21,,/3%]. To pass the transition from the middle section to the extreme with a
smaller diameter d, without collision of the side bars with the inner wall of the pipe,

(a)

ﬁ‘;
|

N5 max

Fig. 7 The main parameters of OD when it is moved in a pipe of variable cross-section
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it is necessary to observe restrictions on the maximum distance between the faces
ABC and DEF: hgyex = [3%(ds — 8)(h* + A)1/4Z;.

The example of the algorithm for moving of OD in the pipe of variable cross-
section for the cases when h* < 0 and 0 < h* < A is shown in Fig. 5b.

2.2.4 The Algorithm for the Movement of OD in T-Branch

Let the pipe have the T-branch consisting of two cylindrical pipes: the main diameter
D and the tie-in diameter d (Fig. 5d). Then for the transition of the OD from the main
tube in the tie-in the maximum length of the rods must satisfy the conditions: [jax >
[D? + (d — 8)*/41°3; (21/3%%) < (D — 8) < (2 1,,/3%). The step of the movement
of OD Inside pipes of T-branch is equal h = Hpax — Hmin (Fig. Sa, b).

2.2.5 The Algorithm for the Movement of OD in the Elbow of Constant
Cross-Section

The algorithm for the movement of the OD in the elbow of constant cross-section
and the main its parameters are shown in Figs. 5f and 8. The main parameters of the
OD and the elbow are following: the angle « is the angle between the faces ABC
and DEF, equal step of the OD; D'E'F’ is projection of the face DEF on the face
ABC, obtained by rotating the face DEF relative to the axis OZ by the angle . When
moving the OD in a bend, its triangular faces ABC and DEF must be equilateral and
perpendicular to the plane ZOY, and the radius of the bend must pass through the
medians of these faces.

As a result of the analysis, the following conditions for the passage of the OD
inside of the elbow with the constant cross section without collision of the side rods
with the inner wall of the pipe are determined.

Fig. 8 The main parameters (a)
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e The following Inequality must be fulfilled (21,in/3%7) < (d — 8) < (2lmar/3%).

e To move the OD without impacting the side rods AE and AF with the inner wall of
the pipe, it is necessary that the angle OAE is greater than 90°. From this condition
we obtain the following restriction for the angle o:

o <o = arccos[(4r +28)/(4r +d + 26)],

where o7 is the angle depending on the geometric parameters of the elbow and
the vertices of OD.

e The movement of OD inside the elbow is limited by the lengths of the lateral
rods AE(AF) and BD(CD) (IAE| > luin, IBDI < liax) and the following range of
permissible values of the angle « between the platform and the base of the OD:

o = apin = arccos[(4d> + 32 + 118> + 8dr — 2d8 +32r5 — 1612, )/
4(4r +d +28)@2r +9)];

o < amax = arccos[(28d* + 32r* + 118% + 56dr — 34d8 + 32r8 — 16l5,ax)/
2(4r +4d — 258)(4r + 3d — 28)].

The maximum possible step of moving OD inside the elbow is & = Apax — Amin-
In this case, the minimum number of steps is Spmin = (W/«) + 1. Here ¥ is the
angle between the end planes of the elbow.

After the passage of the elbow (not shown in the figures), the OD enters in the
straight section of the pipe and continues to move with the maximum possible step
P = Hmax — Huin-

2.2.6 The Algorithm for the Movement of OD Along of Outside Surface
of the Pipe

The algorithms for moving of OD along of outside surface of the tube (Fig. 5, g),
including sections of transitions between pipes of different diameters and elbows,
are similar to the above algorithms for moving the OD inside the pipes except for
moving the OD on the T-branch when it is required to rearrange the OD from the
main pipe on the tie-in and versa. The basic elements that define the geometry of the
OD, in addition to its vertices, are the geometrically associated coordinates of the
grips of the midpoints of the frontal DEF and the rear ABC faces.

2.2.7 The Algorithm for the Movement of OD in the Coaxial Pipe

Move the OD in the coaxial pipe can be carried out on the inner surface of the outer
tube on the outer surface of the inner tube or in combination, when the front or the
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Fig. 9 The main parameters and the scheme of installation of OD inside the coaxial pipe at its
movement on an external surface of an internal pipe

back face moves along the inner surface of the outer tube and, on the contrary, the
opposite face moves along the outer surface of the inner tube. In this case, the basic
elements that determine the geometry of the OD, in addition to its vertices, are also
geometrically associated with them the coordinates of the contact surfaces of the
grippers of the middle sections of the rods of the frontal DEF and the rear ABC faces
(Fig. 9). Here, the OD has the ability to control the clearance between pipes also. In
the case of misalignment of coaxial pipes can be carried out straightening operation
with the help the OD to ensure the alignment of the pipes. Also, with the help of
OD, installation operations can be carried out for coaxial placement of the connected
sections of internal or external pipes during welding operations.

The algorithm of displacement of OD is similar to the algorithms of its displace-
ments along the inner and outer surfaces of pipes. In this case, there are the following
restrictions on the movement of the OD in the space between pipes.

When moving OD on the inner surface of the outer pipe, the dynamic length of
the rods of the frontal DEF and rear ABC faces must meet the following conditions:

d
lmin

< (dy +224)3%% 14 = (d; — 8)3°7)2.

When moving the OD on the outer surface of the inner pipe, the dynamic length of

the rods of the frontal DEF and rear ABC faces must meet the following conditions:
1. < (dy+224)3%; 14 = (di — 8§ —25)3"% /2.

Here 14 . and I{,,« are the minimum and maximum dynamic lengths of the rods
of the frontal DEF and rear ABC faces, d; and d, are the inner diameter of the outer
and outer diameter of the inner pipes, S is the technological clearance, A is the
distance from the contact surface of the grippers of the middle sections of the rear
and frontal faces, i,y is the distance between the frontal DEF and rear ABC faces
of the OD with the maximum extension of its side rods. It should be noted that the
actual maximum length of the rods should be greater than their maximum dynamic
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initial position

Fig. 10 Possibility of control over of physicomechanical properties, geometrical shape of contact
surface and displacement trajectory

length, and the minimum real length of the rods is not more than their minimum
dynamic length.

2.2.8 Other Capabilities of OD

The novel concept of OD may be used also in many other fields. The examples of
applications of OD and its new functional capabilities are established below, e.g. [10,
11, 16-19]:

e Example 1. Possibility of control over of physical-mechanical properties, geomet-
rical shape of contact surface and displacement trajectory (Fig. 10).

Example 2. Travel of long objects in pipe (Fig. 11).

Example 3. Travel of object in pipe with possibility of vibroprotection and posi-
tioning (Fig. 12).

Example 4. Possibility of hole drilling in the end of pipe wall (Fig. 13).

Example 5. Possibility of battering in pipe of wall end (Fig. 14).

Example 6. OD can connect together, forming some novel mobile self-
reconfigurable structures (swarm systems) for various applications (Fig. 15).

Example 1 Example of control of geometrical shape of contact surface by the OD is
given in Fig. 10. In this mode, in the motion of the OM 1 (ABCDEF) (Fig. 4) of the
adaptive mobile parallel spatial robot (Fig. 10), each longitudinal displacement of the
rear face AABC and frontal face ADEF is preceded by alternating discrete rotations
in both directions, with specified increment, relative to the direction of motion.

For each discrete position, mechanical contact is established between the radial
limiters at points 7 (Fig. 4) of those faces and the internal contact surface or between
the radial limiters at the midpoints of the rods in the frontal and rear faces and the
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Fig. 11 Moving of long objects inside the pipeline: a without the guide system, b with the guide
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Fig. 12 Motion of object in pipe with possibility of vibroprotection and positioning by double OD
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(a) (b)
shaft with tool

sectional bush

Fig. 13 Rotation of a machining tool by means of OM (ABCDEF): a rotation coaxial with the
module’s symmetry axis; b eccentric rotation

(a) end surface (b)

slotting : slotting
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Fig. 14 Organization of simultaneous impact and vibrational effects on the end wall by slotting
tools (a) and one time impact (b)

external constant surface. Their coordinates are determined in the basic coordinate
system. These values permit judgments regarding the geometric form of the internal
or external contact surfaces. The specified contact forces with the internal surface are
determined from the readings of sensors 3; and the specified contact forces with the
external surface are determined from the readings of sensors 4. The position of points
7 of the frontal and rear faces (AABC, ADEF) are determined from the readings of
the relative displacement sensors 5 of linear drives 2 for the rods of the lateral faces
and position sensors 9 at points 7.

In mode of control of elastic properties of contact surface (Fig. 10), the radial
limiters at points 7 (Fig. 4) of the faces come into contact with an internal surface, with
a force specified by the readings from sensors 3. Then, their position is determined in
the basic coordinate system on the basis of the readings from sensors 5 and 9. Next, the
force on the radial limiters is increased to another specified value, and their position
is determined in the basic coordinate system. This procedure is then repeated with the
initial force. The difference between the coordinates of the radial limiters at points
7 permits judgments regarding the elastoplastic properties of the contact surface.
At specified contact force between the radial limiters and the internal surface, the
temperature is measured by means of sensors 8, and the electrical resistance between
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Fig. 15 Some examples of multi-module reconfigurable SEMS basis on the group of OD

them is recorded. These readings permit judgments regarding the physical properties
of the contact surface. Analogously, the temperature and electrical resistance may be
recorded for an external surface. Vibrational diagnostics may also be organized for
an internal contact surface, with identification of the presence of mechanical defects
(such as cracks in pipes). In that case, periodic acceleration of linear drives 2 for the
rods of the rear or frontal faces permits impact and vibrational influence on the radial
limiters at points 7 of these faces at the contact surface. Vibrational diagnostics of
the object may then be based on the readings of acceleration sensors 10.

Example 2 In Fig. 11, we show examples of the motion of round or oval objects
by OM 1 (ABCDEF) without (a) and with (b) a guide system. In this mode, OM 1
(Fig. 4) moves within a closed surface and fixes the frontal face (ADEF, say). The
end of the extended object (such as pipe, rod, or cable) is placed in the rear face
AABC (Fig. 11, initial position), and linear drives 2 are turned on in reverse. The
length of the rods in the rear face is reduced until the object is captured by force
specified by the readings of the force sensors 4 at the radial limiters at the midpoints
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of the rods in rear face AABC. Then, at a command from control system 11, linear
drives 2 are switched off, and the coordinates of points 7 are determined, in the basic
coordinate system. After the object is fixed (Fig. 11, cycle 1), coordinated decrease
in length of the rods in the lateral faces (AABD, ABDE, ABCE, ACEF, AACF,
AADF) shifts the rear face AABC together with the object into the closed surface by
some fixed distance, which is recorded with respect to the basic coordinate system
(Fig. 11, cycle 2). Then the length of the rods in the rear face is increased until the
radial limiters at the midpoints, together with the object, are completely released
(Fig. 11, cycle 3) and the object is unable to move in the opposite direction (Fig. 11a,
cycle 3). Then the length of the rods in the lateral faces is increased to its initial
value (Fig. 11, initial position). Thereafter, the motion of the object is repeated as
many times as is necessary, and the total length traversed at the end of the process is
determined. Note that the motion of the object may be conducted without (Fig. 11a)
or with a guide system, as shown in Fig. 11b. Without a guide system, additional
effort is required to prevent inverse motion of the object in cycle 3.

With a guide system (Fig. 11b), that is unnecessary. If required, motion in a
combination of modes 1 and 4 is possible. In that case, the object will move with
simultaneous independent motion of octahedral module 1 within the closed system.
In contrast to mode 4 (Fig. 11b), the length of the rods in the rear face AABC increases
not until the object is released but until fixing of points 7 of the rear face AABC at
the closed internal surface with specified force, in accordance with the readings of
sensors 3. Then linear drives 2 are switched off, and the coordinates of points 7 are
calculated from the readings of sensors 5 and 9. Next, at a command from control
system 11, linear drives 2 of rods in the frontal face ADEF are switched on in reverse,
and their length is reduced until capture of the object by the radial limiters at the
midpoints of these rods, with a force specified by the readings from sensors 4. Then
linear drives 2 are switched off, and the coordinates of points 7 are calculated from
the readings of sensors 5 and 9. At that point, the length of the rods in the lateral
faces is increased, and the object is moved within the closed surface. Then the length
of the rods in the frontal face ADEF is increased until the points 7 of the rear face
AABC are fixed at the reduced length of the closed internal surface with specified
force, in accordance with the readings of sensors 3. Then linear drives 2 are switched
off, and the coordinates of points 7 are calculated from the readings of sensors 5
and 9. Thus, in this mode, not only the extended object but the octahedral module 1
will be moved. As a result, the distance traveled by the object relative to the closed
internal surface will be increased, with a fixed number of cycles (operations).

If necessary, a combined movement can also be arranged, including a conjunction
of moving the OM 1 and a long object (Fig. 11c). As the result, the distance of
movement of the long object relative to the inner surface of the pipe increases with
the same number of cycles.

Example 3 Motion of objects in the pipe by means of paired octahedral modules,
with simultaneous positioning and vibrational protection of the objects (Fig. 12).
In this mode, the octahedral modules are paired to form of a common face AABC.
One OM (ABCDEF) performs motion over a closed internal surface of the pipe,
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analogously to movement of OD in pipe of constant cross-section (Fig. 5a). The
other OM captures the object, analogously to the capture of the long objects in pipe
(Fig. 11). The second OM also positions the object and ensures vibrational protection
during motion over the closed internal surface. The capture force and spatial position
of the object, as well as the impact and vibrational influence of OM (ABCDEF) on
the OM with the object are monitored by means of force sensors 4 (Fig. 4), spatial
position sensors 9 (Fig. 4), and three-axial acceleration sensors 10 (Fig. 4) mounted
on radial supports of the rear face (the common face of the moving OM and the
clamping OM) of the clamping module, as well as the relative displacement sensors
5 (Fig. 4) and relative velocity sensors 6 (Fig. 4) mounted at the rods of the lateral
faces.

Vibrational protection of the object relies on the linear drives 2 (Fig. 4) in the
rods of the lateral faces of the clamping module. It involves coordinated change in
the length of those rods at a command from control system 11 (Fig. 4), on the basis
of the readings of sensors 10 (Fig. 4) mounted at points 7 (Fig. 4) of the frontal and
rear faces of the clamping module and also sensors 5 (Fig. 4) and 6 (Fig. 4) at each
of the rods of the lateral faces of the clamping module.

Example 4 Rotation and supply of a machining tool (a drill or bit, for instance) by
means of OM (ABCDEF) (Fig. 13). In this case, the tailpiece of the tool takes the
form of a crankshaft with a rotating bush at the end that is incapable of axial motion.
(The rotating bush is not shown in Fig. 13). The rotating bush is clamped by the radial
limiters at points of the rods in the frontal face. Each limiter may be rigidly connected
with one section of a three section bush intended for capture of the rotating tailpiece
bush. The required force is determined on the basis of the sensors 4 in the frontal
face. The radial limiters at the rear face are fixed at the internal contact surface, as
in previous modes. Then, coordinated change in the length of the rods at the lateral
faces brings the cutting section of the tool to the machining point, fixes the axis of
tool rotation, and ensures the required cutting force, determined from the readings
of sensors 3 at the rods of the lateral faces.

Next, coordinated change in the length of the rods at the lateral faces moves the
axis of rotation of the clamped bush over a circle perpendicular to the axis of rotation;
the circle radius is equal to the crankshaft radius. In tool rotation, coordinated increase
in length of the rods at the lateral faces ensures its longitudinal supply with specified
force; the generation of impact and vibration effects is possible in combination with
tool rotation. In that case, the spatial position, cutting force, and impact and vibration
effects are monitored by means of sensors 9 and 10 (Fig. 4) at the radial limiters of
the frontal face and sensors 3, 5, and 6 (Fig. 4) at the rods in the lateral faces. The
axis of tool rotation may be coaxial with the symmetry axis of OM 1 (Fig. 13a) or
eccentric (Fig. 13b).

Example 5 Organization of impact and vibration effects by a slotting tool on the end
surface (Fig. 14) of a tubular profile by means of OM 1 (Fig. 4).

In this mode, the slotting tools are established at each point of the frontal face. (The
clamping of the slotting tool’s tailpiece is not shown in Fig. 14). The radial limiters
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of the rear face are fixed at the internal contact surface as in previous modes. Then,
coordinated change in the length of the rods at the lateral faces brings the working
sections of the slotting tools into contact with the end surface at the machining site,
and machining begins at specified frequency, amplitude, and force. In one time or
double action, where necessary, the sequence of action may be modified. In each case,
the spatial position, cutting force, and magnitude of the tools’ impact and vibration
effects are monitored by means of sensors 9 and 10 (Fig. 4) at the radial limiters of
the frontal face and by sensors 3, 5, and 6 (Fig. 4) at the rods of the lateral faces. Real
time operation is possible thanks to the use of a control system 11 based on neural
computer 12 and corresponding software 13 (Fig. 4).

Example 6 OM 1 (Fig. 4) is the basic element not only in the single-module SEMS,
but also in constructing multi-module spatial robot systems (Fig. 15). Accordingly,
all the faces of OM 1 (Fig. 4) may be connected by an operator to similar modules.
Junction faces are included in the additional octahedral modules, depending on the
direction of growth. Each of the faces to which another module is connected forms
a triangle consisting of rods with linear drives 2 that are hinged at the ends 7. Each
pair of parallel faces of OM 1 may be used as the rear face (facing away from the
motion) or frontal face (facing into the motion): for example, AABC and ADEF.
The axis passing through the centers of these faces is in the direction of motion of
OM 1.

Also the group of autonomous OD can connect together without any operator,
forming some novel mobile self-reconfigurable structures (swarm systems) for var-
ious collective applications in conditions of incomplete certainty. To do this, all
vertices of each OM 1 (Fig. 4) must be equipped with docking devices. The different
types of docking devices for modular mobile robots, including the OD, are given in
[20].

3 Conclusions

Means of expanding the functional capabilities of parallel spatial robots are con-
sidered. The promising design is an adaptive mobile parallel spatial robot of the
Octahedral dodekapod. The benefits of the Octahedral dodekapod with respect to the
other types robots are outlined, along with possible applications.

The Octahedral dodekapod may be used as the base element not only in the single-
module SEMS, but also in the multi-module ones Octahedral dodekapod can connect
together, forming some novel mobile self-reconfigurable structures (swarm systems)
for various individual and collective applications in conditions of incomplete cer-
tainty.

The proposed adaptive mobile parallel spatial robot may be used at the macro-
scopic level for use on land, underground, underwater, in medicine, and in the
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aerospace industry. It may also be used at the microscopic level, for example, for in-
veins movements and manipulations. This research provides the basis for the devel-
opment of up to date parallel spatial robots and for the expansion of their functional
capabilities.

Information regarding the practicality of adaptive mobile parallel spatial robots

on the basis of currently existing technology may be found in [10, 11, 18].
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Abstract Problem formulation: Nowadays, in many applications, there is a problem
of developing mathematical models to control groups of complex dynamic objects
that interact with each other in the process of achieving a common goal. As such,
we consider the problem of extrema localization of an unknown scalar physical
field. The tasks of detecting zones of radioactive, chemical, biological or other kinds
of terrain contamination, temperature and salinity of the seas, and other similar
problems can be set in this form. The article is a continuation of the authors’ work,
which considers a system of decentralized control of a group of robots designed to
solve this class of problems and based on the use of modified Cat Swarm Algorithm.
Decentralized control systems, as objects of mathematical modeling, are an important
part of modern complex dynamic systems consisting of autonomous objects that work
together on the basis of the organization of complex behavior of these objects in an
unpredictable environment. Such systems significantly increase the control efficiency
of dynamic systems at the strategic, tactical and executive levels. The relevance of
the study is attributable to the imperfection of the existing models of distributed
control systems. Aim of the study: The article is dedicated to the development of new
mathematical models and approaches that can be used in solving problems of control
of distributed dynamic systems in their group application in real environments. The
main task is to manage the coordinated behavior of the group members, that separately
solve a common task. It is assumed that the control is carried out in an uncertain
and changing environment, which requires rapid adaptation to these changes. The
main purpose of the study is to synthesize an effective situational control system for
a group of robots designed to localize the extrema of an unknown scalar physical
field. Results: On the basis of the situational theory, a mathematical model of the
control system of a group of robots is developed. Using several test functions, a
computational experiment was conducted to study the effectiveness of the proposed
control system. The results of the computational experiment, which showed the
prospects of the developed mathematical support and software, are presented.
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Keywords Situational control - Global optimization « A group of robots + Control
algorithm - Swarm algorithm - Decentralized system + Modified cat swarm
algorithm - A robot

1 Introduction

We consider a class of search problems that can be reduced to the problem of extrema
localization of an unknown scalar physical field by using a group of robots. Detection
of zones of radioactive, chemical, biological or other kinds of terrain contamination,
zones of harmful algae, zones of turbulence, temperature and salinity of the seas, and
other similar problems can be set in this form [1-4]. This paper is a continuation of
the paper [5] which considers the decentralized control system for a group of robots
designed to solve this class of problems.

The methodological basis of the study is a bionic approach, that is, an approach
based on technical copying of effective solutions found by living species in the pro-
cess of their natural selection. In relation to the class of problems under consideration,
implementation of this approach is reduced to constructing a control system for a
group of robots using such swarm algorithms as the particle swarm algorithm, the
bees algorithm, the ant colony algorithm, and so on [2—4].

As a basic swarm algorithm, we use the proposed in [5] the deep modification of
the cat swarm optimization algorithm (CSO) [6-8] called ACSO (Advanced CSO).
The algorithm takes into account peculiarities of the used hardware implementation
of a group of robots.

In contrast to [5], we assume that the control system is poorly defined. Generally
speaking, the main features of such systems are [9]: (a) uniqueness; (b) lack of a
formalized purpose of existence; (c) lack of optimality; (d) dynamics (evolution of
the object in time); (e) incompleteness of description; (f) presence of free will. We
will show that the control system of a group of robots has, at least, features (b)—(e).

Lack of a formalized purpose of existence. At the verbal level, the purpose of
existence of the group control system under consideration can be defined as follows:
to localize the extrema of the given unknown scalar physical field with maximum
probability under specified resource constrains. The dynamics of the system and its
incomplete description do not allow to formalize this goal within the framework of
Classical Control Theory (see below).

Lack of optimality. For lack of a formalized purpose of the system existence,
it is impossible to construct an objective control criterion, that is, the criterion of
optimality turns out to be largely subjective, depending on the decision-maker’s
(DM) preferences.

Dynamics of the system is caused by the following circumstances: change in the
characteristics of the scalar field under study; parametric and/or structural change of
the control object, for example, due to breakdowns of robots, etc.

Incompleteness of description is due to the following: inability to identify all
possible situations in which the system may operate; lack of an accurate functioning
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model for each of the robots, inability to quantify many features of their functioning,
etc.

It should be noted that fact of dynamics of the control system under consideration
implies the need for this system to be adaptive.

Poorly defined control systems are the subject of study of the situational theory
[10]. The basic concepts of the theory are the concepts of the current situation Q
and the full situation S. The current situation Q in the control object is a set of its
current state determined by the state vector and the state of the environment. The full
situation is a set of the current situation Q in the object and the knowledge of a set
of acceptable situations D. Therefore, S = (Q, D).

In accordance with the methodology of situational control, with the help of an
appropriate classifier, the set of all possible full situations is divided into r classes
Dy, k € [1:r], each of which is set in accordance with one of the admissible controls
Uy. Thus, the elementary act of control can be represented in the following form:

Si: O .
k Q_];A)Ql

This formula means that if the situation Q; arises in the control object and it
is admissible to use the control Uy, then, being applied, this control turns the sit-
uation Q; into the situation Q;. Transformation rules of this type are called logic-
transformation rules (LT rules).

We consider the situational control of a group of robots at two hierarchical levels.
The executive subsystem of one robot is the control object at the lower (local) level,
while the group of robots is the control object at the upper (global) level. Here
we study the local level of control. The global level will be considered in future
publications.

Just like in the paper [5], we exclude the “tactical” problem of overcoming obsta-
cles, confining ourselves to the problem of “strategic” robot control.

2 Problem Statement and Basic Definitions

We use the following notations [5]: IT = {X|X~ < X < X1} € R? is the study
region (parallelepiped) of the search space, where X~ = (x;, x5 ), X* = (x}", x;)
are the boundaries of the region, and the inequalities are understood component by
component; ¢ is the number of the current iteration of the search; X;(r) = X; =
(i1, xi2) is the current position of the robot M;; X/ (1) = X| = (xi”l, xlf,z) is
the position of this robot at the next iteration; X* is the desired vector of optimal
coordinates X which delivers the maximum value ¢* of the fitness function ¢(X)
formalizing the intensity of the scalar field under study.

We consider the deterministic maximization problem

max _¢(X) = ¢(X*) = ¢*.
XellCR?
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Fig. 1 Schematic image of M-robot (a); schematic image of C-robot (b)

We assume that in the initial state, the considered group of robots M;,i € [1:n]
is homogeneous. Each of the devices M; is a mother robot (M-robot) that carries
a fixed number v of small ejected (non-returnable) satellite robots C; ; (C-robots);
j € [1:v] (Fig. 1).

Each of the M-robots can measure values of the scalar field (X)) = ¢(x1, x2) (test)
at its stop points, the total number of which does not exceed 7. Each of the satellite
robots can perform a single test at a distance from the robot M;, not exceeding dx in
each of the measurements x1, x,.

In robot M;, i € [1:n], we allocate the executive subsystem (the control object)
O; and the local control subsystem (Local Control System, LCS) denoted as LC'S;.
Thus, M; = {0;, LCS;}; i € [1:n].

We use the following two strong assumptions: (1) the test results of M- and C-
robots are accurate, that is, the measured values of the function (2) the robots can
determine their coordinates x;, x, with an error which is many times less than the
value 8y, so that these errors can be ignored.

We enter the following definitions.

C-vicinity of the robot M; is the area Qic(t) = Qlc of the search space that satisfies
the condition

QLC ={X = (xl,x2)|abs(xj —)C,',j) <éx, j=12}, ie[ln], ()

in which, at a given moment ¢, the robot M; can distribute its C-robots C; ;. Here,
(xi.1, xi2) = X; is the vector of the current position of this robot.

M-vicinity QM (1) = QM of the robot M; is a set of points of the search space, the
Euclidean distance ||-|| of which to the robot M; does not exceed the value ry:
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QM = {X|I1X; — Xill <rx}, i€l[ln].

Here, the value ry (the radius of the vicinity) means the guaranteed range of
communication channels between M-robots.

A set of neighbors N;(t) = N; of the robot M; is formed by M-robots currently
located in the vicinity Q:

Ni={M;|x; € Q) jellnl, j#i}, ielln].

The search region I1; is one of the rectangular subareas that are nearest to the robot
M;,i € [1:n] and not yet explored by it and by any of its neighbors. We assume that
the sides of the region IT; are parallel to the coordinates Ox;, Ox,.

The trace Tr;(t) = Tr; of the robot M; is a set of coordinates of the search space
points in which the robot previously performed tests, as well as the results of these
tests:

Tri ={(Xi(t),¢i(r)), T €0t — 1]}, i €[l:n].

The extended trace T_r,-(t) = Tr; of the robot M; is a combination of the trace of
this robot and the traces of all its satellite robots:

Tri ={TriU(Xij. @), j €101}, i€[ln].

Here, ¢;; = ¢(X;;); v = v'(t — 1) € [0:v] is a part of C-robots C; ; used
(dispatched) by the robot M; by the given moment ¢.

The criterion for ending the search is achievement by each of the M-robots of a
given number of iterations 7. In this case, all the M-robots transmit information about
all traces stored in their memory to the central control system.

3 Structure of the Situational Control System

The control object at the local level is the executive subsystem O; of the robot
M;;i e [l:n]; the control object at the global level is the group control object
O = {M;;i € [1:n]} [9]. The lower level is controlled by the local control system
(LCS). The upper level is controlled by the global control system (GCS) which is the
coordinator in terms of the theory of hierarchical multilevel systems [9]. Thus, the
lower level of the hierarchy is defined by the set (O;, LCS;), and the upper level is
defined by the set (O, GCS). The overall structure of the control system is shown
in Fig. 2, where DM is the Decision Maker.

From the point of view of the DM, the global control system is a decision support
system (DSS). In addition to the coordinator, this system includes a basic simulation
model of the M-robot (BSM), as well as an adaptive simulation model (meta-model)
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GCS Coordinator

Fig. 2 Structure of the control system for a group of robots

@ (X) of the fitness function ¢(X) [9]. Based on the BSM model, the GCS system
generates n adaptive simulation models SM;(t) = SM;,i € [1:n] of M-robots, so
the model SM; reflects the current state of the robot M;. The system GCS builds a
simulation model ® (X) on the basis of all current information on the results of tests
performed by the M- and C-robots.

We confine ourselves to considering the local level of control.

The current local situation (L-situation) Q; = Q;(t) inthe robot M; at the moment
t is a set of information on the characteristics, current and previous states of the
executive subsystem O; of this robot:

Qi:<})i07Xiv(pirﬂi)v i E[ln]

Here, P is an integer vector of relevant characteristics of the subsystem O;;
the values X;, ¢; determine the current state of the robot; the extended trace Tr; is
its previous states. The vector P[O contains information on the current subsystem
structure O;, that is, information on performance of the subsystem components and,
in particular, the remaining number of the C-robots.

The full L-situation S; = S;(t) in the robot M; at the same moment ¢ includes the
following data: the current state Q; = Q;(¢) of this robot; information on the char-
acteristics PI-LCS of its control subsystem LCS;; a classified set of current admissible
situations D; = [Di,j,j S [l:ri]]; a set of admissible controls {U; ;} = U; for each
of the subsets D; ;. Thus, the situation S; is determined by the set

Si =(0:, P, D, U;), i €[lin].

l
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In these designations and agreements, the elementary act of control at the lower
level of the hierarchy (control of the robot M; € M) at the moment ¢ has the form of
the following LT -rule:

Qi€ D;j, O; e 05
inj i e[ln], jellr].
else, Qi = Oj;

Here, Q; = Q;(t + 1); rand means that the choice of control occurs randomly
from the number of permissible controls in the current situation.

The overall structure of the situational local control subsystem of the M-robot is
shown in Fig. 3.

The task of the Analyzer is to assess the current situation Q;. If this situation does
not require a change in the robot control, the Analyzer does not send it for further
processing. Otherwise, the description of this situation is sent to the Classifier. On the
basis of the set of valid current situations D;, the Classifier refers the situation Q; to
one or more classes D; ;, each of which corresponds to the control U; ;, and transmits
this information to the Correlator. If the specified class is the only one, the Correlator
transfers the control U; ; to the robot (its executive subsystem). Otherwise, the choice
of control is carried out by the Extrapolator. If the Correlator and the Extrapolator
cannot make a decision, the control selection can be made by a random selection
block.

Fig. 3 Structure of the 0.
situational local control =
subsystem LCS; of the robot
M;,ie€[1:n] Analyser
9
Y
Classifier
%
5 Dy 8
= v )
3 |, > =
2 Correlator 2
) = < =
& , 3
Ui 3
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4 Situational Cat Swarm Optimization Algorithm ACSO-S

4.1 The Original Cat Swarm Optimization Algorithm

The essence of the CSO algorithm comprises three stages: initialization of the pop-
ulation, seeking, tracing [10].
Initialization of the population is carried out according to the following scheme.

(1) We initialize the values of all free parameters of the algorithm.

(2) In the search area I1, we create a population M = {M;,i € [1:n]} of cats
(M-robots) that are uniformly randomly distributed in this area.

(3) We set the initial velocities AX?, i € [L:n] of the cats M; that are uniformly
randomly distributed in the region [Ty, = {AX|AX™ < AX < AX'} C
R? where components the of two-dimensional vectors AX~, AX" are free
parameters of the algorithm.

(4) Random cats in the population M numbering 0.8 n are declared in the state of
seeking, and the others are in the tracing mode.

(5) For each of the cats M; € M we calculate the value ¢ = ¢(X?) of the fitness
function and find cats with the minimum ¢*°*" and maximum ¢%** values of
the function; i € [1:n].

The seeking mode implements a local search. The scheme of the seeking process
for the cat M;, i € [1:n] is as follows.

(1) We create v’ copies X; j, j € [1:v] of the current coordinates X; of the cat M;.
(2) We change the position of each of the points v" according to the expression

X}, = (14 Us(=1; D6x) X1, 2)

where U,(—1; 1) is a two-dimensional vector of random values uniformly
distributed in the interval [—1; 1].
(3) We calculate the value of the fitness function ¢; ; = @ (X l’ j) for each of the

obtained points and find the maximum gof”’ and minimum ¢"°"*" of these values.
(4) in accordance with the formula
(pi.j _ (piworsr ) ,
Dij = ] e[l:v] 3)
(p[besf _ (piworsz

we calculate probability of choosing the point X ; as the next position of the
cat M;.

(5) Based on the probabilities (3), we choose the new position X/ of the cat M;
using the roulette wheel selection method.

The tracing mode involves global search, and for the cat M;, i € [l:n] it is
determined by the following sequence of steps.
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(1) We update velocity (increment of coordinates) of the cat by the formula
AX] = AX; + cUs (0; (X" = X;), 4)

where c is a constant (free parameter); X%¢*' is the position of the current globally
best cat in the population.

(2) We check whether components of the velocity AX’ are within the range of
permissible values. If these limits are violated, the value of the corresponding
velocity component is set equal to the maximum permissible value.

(3) The position of the cat is updated in accordance with the expression

X] = X; + AX]. 5)

4.2 Modified ACSO Algorithm

The ACSO algorithm is proposed in our study [5]. The algorithm uses the following
new concepts, compared to the CSO algorithm.

Search region Tl is one of the nearest to the M-robot non-studied rectangular
search subareas IT. In the case of rectilinear movement of the M-robot, the algorithm
for determining the search region is presented in [5].

Knowledge . of the region I, is defined as the ratio of the area of its studied part
to the total area:

lkO'
uIly) = e = —.
Ok
Here, I, is the total number of tests performed in the region I, which the M-robot
“knows” about; o = 7 §, is the area of the region that is considered to be studied if
the test is somehow or other conducted in its center; oy is the total area of the region
I1y; 84 is the free parameter of the algorithm.
Attractiveness x of the region I is calculated by means of the value
my
ay = —,
my
which represents the ratio of the number m;, of intersections of this region by per-
spective directions to the total number my of such directions [5]. We assume that
attractiveness of the region Iy is inverse to the value ay:

1
xIp) = e = —.
ax
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Perspective 1 of the region Il is an additive convolution of knowledge and attrac-
tiveness of the region:

n(Ig) = me = w + Ax, (6)

where A is the weight factor.

Inadmissible approach of M-robots. If in the process of evolution of M-robots
M;,, M;, in the search space the Euclidean distance between them is less than the
value py, this situation is interpreted as an inadmissible approach of these robots.
The rule of behavior of the robots M;,, M;, in this situation is considered in [5].

Landing of C-robots is carried out under the conditions of landing [5]. The oper-
ation algorithm of the M-robot in this case is presented in [5].

Inter-robot communication is determined by the rules for selecting the moments
of time when neighboring M-robots exchange information with each other, as well
as by the rules for determining the content of this information [5].

The following are the peculiarities of the ACSO algorithm which distinguish it
from the CSO algorithm.

The seeking mode of the ACSO algorithm implies that not all v satellite robots
participate in the local search on the iteration ¢ but only a part of them which, in
general, is different for each of the M-robots [5].

The tracing mode of the ACSO differs significantly from the same mode of the
CSO algorithm [5].

(1) Any of the M-robots can switch to the tracing mode in the following two situa-
tions:

e in the seeking mode on the iteration ¢, it turned out that the values of the fitness
function at all the v'(¢) points differ by no more than by the value 6, (the situation
is interpreted as localization of one of the local maxima of the function ¢ (X) with
accuracy dy);

e the Euclidean distance between some two M-robots turned out to be less than the
value py.

(2) The M-robot M; in the tracing mode moves to the point with coordinates

Xit+1)=X; +d;Norm(0,0), @)

where X7 is the center of the region I1;; Norm,(0, o) is a two-dimensional vector of
normal random numbers with zero mean and standard deviation which is equal to o.
Movement takes place only if the region I1; is large enough, that is if the inequality
d; > 28y is true.
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4.3 Situational ACSO-S Algorithm

The main distinctive feature of the ACSO-S algorithm is that the tracing mode of this
algorithm is based on the situational analysis.

We distinguish the following classes of full situations S;,i € [1:n] of the robot
M, i

e D;; = D;(v')—the robot M; is fully functional, the remaining number of C-
robots equals to v’;

e Dis = Di»>(V', Vipin» Vmax)—functionality of the robot is limited by increas-
ing its minimum and (or) reducing its maximum possible movement velocities
Vinin> Vmax respectively;

e D;i3 = D;3(V', Rpjn, Rmax)—functionality of the robot is limited by increasing
the minimum and (or) reducing the maximum possible radii of the trajectory of
the robot Ryjip. Rmax respectively;

° D,‘,4 = D,‘,4(U,, Vmin, Vmax, Rmin, Rmax)—functionality of the robot is
reduced due to limitations of its velocity and the radius of the trajectory;

e D;s = D;s(v)—functionality of the robot is reduced to a complete loss of mobil-
ity (it is possible to use only C-robots).

The control U; ;, j € [1:5] is determined as the rule of choosing the region IT;
into which the M-robot moves if the full situation S; belongs to the class D; ;.

The control U; ; is defined in the study [5]. We will consider the rule of control
formation U, 3.

The scheme of the research process for the cat M;, i € [1:n] received the control
U, 3 for execution is as follows.

(1) Inaccordance with the values Ry,j;; and Rmax, a set of route arcs is formed; the
length of the arcs is equal to the maximum distance that the robot can overcome
in one iteration (Fig. 4);

M;

Fig. 4 Scheme of formation of the route arcs of the robot M;, i € [1: n]
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Fig. 5 Scheme of formation of the route arcs of the robot M;,i € [1: n]

(2) Each route arc is divided into square discretes with a diameter of 28x (Fig. 5);
(3) In accordance with the rule (5), the perspective of each discrete is evaluated;
(4) The discrete with the highest value of perspective is moved to the center.

5 Software Implementation and Computational
Experiment

The software implementation of the ACSO algorithm is performed in the integrated
development environment of Microsoft Visual Studio which allows to connect third-
party extensions at various levels. The object-oriented programming language C# is
used, which allows to quickly create a graphical user interface and graphs of varying

complexity.
The study was carried out in the multi-start mode (the number of starts is 100)
with the following values of the free parameters of the algorithm: |S| = 10; ¢ =

20m =88y = px = Ax; = 5.0 = L,2irx ~ f£inc = 25,1 = 100;
8, = 0, 01(¢max — @min)> Where the minimum and maximum possible values of
the fitness function max — @mipn should be evaluated before the problem is solved;
o = ldm; restrictions AX ™, AX™ on the velocity of the M-robot s; are determined
from the conditions Ax;, = 0.5x; , Ax;, =0.5x ;i € [1:[S[.k =1,2.

Objective functions:

e function inversed to the Himmelblau function,;
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As an experiment, efficiency of the algorithm for the following situations was
studied:

(1) The robots do not have alternative controls; the number of functioning robots
is reduced.

(2) Functionality of several robots is limited according to the situation D; 3. The
control U, 3 is transferred to execution.

Estimated probability of the extrema localization of the objective function is used
as a criterion for evaluating efficiency of the algorithm.

Some results of computational experiments are presented in Figs. 6 and 7.

In Table 1 and the corresponding Fig. 6, the probability p of the extrema local-
ization of the objective function is used as a criterion for evaluating efficiency of
the algorithm. The table and figure show almost 100% probability of the global

Fig. 6 Evaluation of the P
algorithm ACSO-S efficiency
for the situation 1. M,

, I, 0.8
I ——probability of
localization of four, three,

two and one extremum of the 0.6
objective function,
respectively. .
—Probability of 4
localization of the extreme
value of the objective 02
function 3
0
(a) Situation 1
P
08
06
0.4
0.2+
0-

(b) Situation 2
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Fig. 7 Evaluation of distribution density of global extremum values localized by ACSO-S algo-
rithm: situation 2

Table 1 Evaluation of the algorithm efficiency

Evaluation of the algorithm efficiency for the situation 1

Number of localized extrema 1 2 3 4 Objective function
Probability of localization 0.92 0.64 0.66 0.14 0.99

Evaluation of the algorithm efficiency for the situation 2

Number of localized extrema 1 2 3 4 Objective function
Probability of localization 0.98 0.85 0.73 0.39 0.99

extremum localization of the objective function and sufficiently high probability of
localization of an additional one to four local extrema.

Table 1 and Fig. 7 show evaluation of the distribution density of the localized by the
ACSO-S algorithm global extremum approximate values f* of the problem, obtained
by running the algorithm 100 times from various random initial robot locations.
These results show that the values of the global extremum obtained by the algorithm
with approximately 0.8 probability are concentrated in the range (—0.4; 0). This
indicates a high accuracy of localization by the algorithm of the global extremum of
the objective function.
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6 Conclusion

The presented results of the computational experiments show the prospects of algo-
rithmic and software solutions. Since the control system of a group of robots is poorly
defined, the approach based on the theory of situational control is appropriate for the
synthesis of such a system. The peculiarity of the synthesized control system is its
hierarchy: the executive subsystem of a robot is the control object at the lower (local)
level, and a group of robots is the control object at the upper (global) level. The study
considers only the local level of control. The relevant task is to synthesize the control
system at the global level which is a decision support system. To solve this problem,
it is necessary to develop a basic simulation model of an M-robot (p. 2), as well as
adaptive simulation models of each of the M-robots that can reflect its current state.
An important separate task is to design a subsystem that visualizes all information
on the system in a form that is convenient for the DM to make decisions.
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Dynamic Switching of Multi-agent m
Formation in Unknown Obstacle e
Environment

Stanislav L. Zenkevich, Anaid V. Nazarova and Jianwen Huo

Abstract Problem statement: In the smart electromechanical system (SEMS), for-
mation control of multi-agent system is a typical group coordination problem, which
has broad application prospects in the fields of geographic survey, environmental
investigation, security rescue, mine clearance and target defense. In the case of per-
forming a certain task, multi-agent system need to transform its formation to avoid
obstacles according to environmental constraints in real time. This paper introduces
a method of dynamic switching formation structure of multi-agent system under
unknown obstacle conditions. For example, multi-agent system which is currently
in the form of a triangle formation need to change its formation into a straight line
as it pass through a narrow, long passage. Purpose of research: This paper proposes
a strategy for dynamic switching formation of multi-agent system in unknown envi-
ronment. In this strategy, the Polya enumeration theorem is used to build the set of
multi-agent system formation, and controlling the switch of formation with differ-
ent obstacles conditions is based on the finite state machine theory. In the case of
formation switching, the collision avoidance strategy between different agents is con-
sidered when the motion trajectory intersects. In addition, the target point assignment
problem of one agent switching from the current formation structure to the target
one is solved by the minimum distance method in this paper. Results: A formation
switching control system of multi-agent system was developed, which includes a
network of interacting finite-state machines and a set of formation topologies, and
an underlying control strategy. In order to verify the correctness and operability of
the proposed method, simulation and real experiments were carried out. The results
show that the multi-agent system can switch from one topology to another according
to the shape of the obstacle during the movement, and avoid collision with each other
during the formation switching. Practical significance: According to the proposed
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solution, the respond ability of group robots to changing environments in performing
tasks is improved.

Keywords Multi-agent system + SEMS - Formation switching * Finite state
machine * Polya enumeration theorem - Collision avoidance strategy

1 Introduction

Nowadays, agent coordinated control has become one of the hot issues of multi-agent
systems. Multi-agent can accomplish some tasks that a single agent cannot solve with
coordinated control, which is usually more efficient. Multi-agent formation control
is a typical multi-agent coordination problem, which is widely used in geological
exploration, military reconnaissance, rescue and transportation.

During the execution of the mission, the formation controller moves the team
members to maintain a certain topological structure (for example: line, column,
triangle, diamond, etc.) toward the target. However, in the environment of cluttered
obstacles, it is difficult for multi-agent to maintain a certain formation to reach a
predetermined target, and therefore the formation of multi-agent must be changed
as the environment changes. So far, different methods have been proposed to solve
the problem of multi-robot formation conversion. When multi-agent moves indoors,
Levi et al. [1] used the Petri-net method to describe the behavior of multi-robot
formation topological structure conversion, and realized the transformation of multi-
robot topological structure, and it successfully avoided the obstacles. However, Balch
and Arkin [2] proposed a behavior-based multi-robot formation maintenance method;
the behavior system integrates four formations (line, column, diamond, wedge) and
three object-oriented behaviors. A system using this technology is able to navigate
to the target point and avoid obstacles while maintaining the formation, but this
method has limitations of the type of formation, and in some circumstances, it is not
optimal to reach the target point. Literature [3] performed robot formation through the
analysis of the behavior of the biological system. The behavior of doves is brought
in the multi-robot formation control. Doves model was established by using the
directed graph and the artificial potential field theory, and the model was applied
to the independent formation of multi-agent to ensure the multi-robot adaptively
changes the formation structure during the execution of the task. This paper builds
a dove model using directed graphs and artificial potential field theory, and applies
this model to multi-agent autonomous formations. This ensures that the multi-robot
adaptively changes the formation structure during the execution of the task.

The above-mentioned research on formation conversion is based on behavioral
methods, and research work on many other methods has been carried out, such as
the leader-follower method. Liu et al. [4] developed a method of formation retention
and transformation. The method identifies the state and function of each agent and
can determine the most appropriate topological structure to pass through the gap
or avoid obstacles. However, their approach does not reflect the adaptability of the
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formation structure required for the cluttered area. Urcola and Montano [5] using
the spring-damper model to control the formation conversion, so that the formation
topological structure can flexibly adapt to the shape and constraints of the surrounding
environment. Chen et al. [6] used the receiving-horizon leader-follower (RH-LF)
control framework to solve the multi-robot formation control problem, and studied
the trajectory tracking of a group of robots along with the formation. Gémez et al. [7],
Dai et al. [8] provides a formation control solution with a defined formation structure
and a dynamically adaptable environment. The solution enables multi-agent to safely
avoid obstacles, pass narrow passages, and includes a collision-free strategy for the
multi-robot formation conversion.

Based on graph theory, Olfati-Saber and Murray [9], Hong et al. [10], Hendrickx
et al. [11], DeVries et al. [12] use graph theory to construct the network dynamics
of multi-agent topology, and derives a reasonable distributed control algorithm to
guide the agent to the expected configuration. The network dynamics of fixed and
switched topologies are given in [9] and it explain the relationship with Laplacian
graphs. The undirected graph and the weighted adjacency matrix are used in [10]
to describe the relationship between the multi-agent and the set of formations of all
possible topologies, and the topological structure is converted by a conversion signal.
Hendrickx et al. [11] studied the construction and conversion of two-dimensional
continuous graphs, which can be applied to multi-agent formation coordination and
control. DeVries et al. [12] invokes the attributes of similarity conversion, mapping
the kernel of the Laplacian operator of unweighted, connected, undirected graph to the
kernel of the Laplacian operator of the weighted directed graph with equal topological
edges, and the converted Laplacian operator is used to derive the distributed controller
in continuous time, which uses the underlying inter-agent communication topology
to direct the agent to the expected configuration.

Here, we mainly focus on the formation transformation control of multi-agent
in the case of different obstacles. For example, Ani Hsieh et al. [13] proposed a
multi-agent formation switching controller from a simple closed geometric formation
to an required two-dimensional geometric pattern; the controller can be used to
deploy multi-agent to surround buildings or the fenced area and automatically switch
the formation structure while avoiding collisions or maintaining specified relative
distance constraints. A multi-agent formation switching controller with continuous
state is designed in [14]. At the same time, the optimal path for searching the agent
to the target point according to the switching parameters is described. In [15], the
multi-agent formation switching control strategy is designed by the path projected
by the three-dimensional matching graph, and the global minimum travel distance
and the shortest jump distance are analyzed simultaneously. The algorithm can solve
the problem that multi-agents do not intersect in the formation switching and can
effectively direct multi-agent from the source location to the target location, which
enables a seamless transition from the old formation to the new formation. Honig
et al. [16] studied the formation control of multi-agent in known environments,
and analyzed the planning of multi-agent moving from the initial formation to the
collision-free path of a given target formation.
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In this paper, our analysis relies on Polya theorem of discrete mathematics, finite
state machine theory and control theory. Based on the finite state machine theory
to solve a set of intelligent logic control tasks in [17], we use the Polya theorem
to enumerate all the formation structures of multi-agent. This makes it possible to
control the switching and movement of the multi-agent formation in accordance with
the shape of the specific obstacle in an unknown environment. Therefore, the method
of formation switching in this paper is different from the method of establishing the
parameter matrix of the typical formation structure of the linear, column, triangle,
and diamond shapes proposed in [2, 18-21]. Moreover, unlike the literature [13-16],
the paper uses the minimum distance method to describe the assignment of target
points when a single agent switches to the target formation. The paper also provides
a collision avoidance solution when multi-agent motion trajectories intersect.

The rest of this paper is organized as follows. Section 2 describes the establishment
of the formation and the assignment of the target points of the target formation
structure. Section 3 discusses strategies for multi-agent to avoid collisions when
formation is switched. In Sect. 4, a behavioral mechanism is described for multi-
agent motion and formation switching. After that, Sect. 5 presents simulations and
experiments to verify the validity of our results. Finally, Sect. 6 presents a discussion
of the conclusions and future work.

2 Basic Issues

In this section, we will discuss how to use the Polya enumeration theorem to build
formation topological structure set and to describe the assignment of target points
for a single agent when switching to the target formation.

2.1 Formation Topological Structure Set

In this paper, we consider using graph theory G = (V, E) to represent the base
map corresponding to a group of N-agents formation, where V. = {V|, V,, ..., Vy}
is the set of vertices in graph G, E C V x V is a set of edges in the graph G.
Therefore, each vertex in V represents a corresponding agent, such as V; to agent i.
Each edge (i, j) € E(i,j € V and i # j) in E describes the relationship between the
agent R; and R;. Next, a polynomial is constructed by using the Polya enumeration
theorem to calculate the number of non-isomorphic graphs to construct formation
switching set. Considering that the permutation group on the vertices of the N-th
order is exactly the symmetric group Sy, the group induces a permutation group
with the edge set E of k,(n = W) in a natural way, which is expressed as S,(\f). It

is known that each permutation « in Sz(\f) is uniquely written as the product of disjoint
periods, so for each integer k from 1 to n, we denote that Ji («) is cycle number of the
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(a) (b) (0 (d)

Fig. 1 The basic formation topological structure set of three agents

length k in the decomposition of a non-cross cycle «. Finally, the loop index of the
permutation group Sz(\%) is a polynomial in the variable Z(Sy), which is determined
by the following equation [22]

1 n
Z(Sy) = Z(SI(\%)) = ﬁ Znsklk(z) 0

T aeA k=1

The loop index of the symmetric group Sy is described above, and now we turn to
the enumeration of graphs. Undoubtedly, the most common enumeration of graphs
is ¢(x) = 1+ x, then the graph G enumeration function with N agents can substitute
c(x*) into Z(Sy), as follows:

gnv(x) = Z(Sﬁ), 1 +x) - % Z]_[ (14 x4)" = Xn:akx" 2)
k=1

T aecA k=1

The coefficients of the polynomial a; describe the number of structures with
k edges. Using expression (2), we can get topological structure set of multi-agent.
For example, whenN =3, gy (x) = 1[(1 4+ x)* +3(1 + x)(1 + x)> +2(1 + x*)]=
1 4+ x 4+ x% + x>, which means that there is a case in the formation set with no edges
(Fig. 1a), one case with one edge (Fig. 1b), one case with two edges (Fig. 1c) and one
case with three edges (Fig. 1d). Therefore, three agents can get 4 types of topological
structure.

2.2 Target Point Allocation of Target Formation

Assuming that N agents initially move in the OXY plane according to a certain
formation F, the position of the formation F is F = {r',r2, ..., r"}, which is given
by the Cartesian coordinate set, in whichr’ = (x', y)7 is the Cartesian coordinates of
the agent R; in the OXY plane. Next, we need to determine that a single agent i moves
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R,

Fig. 2 Target point allocation diagram

from a position r! of the current formation F, to a position r;, in the target formation
F, (as shown in Fig. 2). We define the variable set X = [x,q ], Xog € {0, 1}(0, g € V),
and x,, = 1 means that there is a correlation between the position of the current
formation structure F, and the target formation structure F,. Otherwise x,; = 0,
in solving this problem, there are two parameters that will be changed: one is the
specific role x,¢ assigned to each agent in the topological structure, and the other
is the position of single-agent at the target formation r;; but the two parameters are
related to each other, and if x,, is determined, the target position can be determined.
In order to find these two parameters, we use the agent to move from F, to F, with
the smallest moving distance. The specific form is as follows:

Vv N
Z Zx0g||r(’;—ré||2—>min 3)

0,g=1i=1

The problem of solving Eq. (3) has the following options, such as an enumeration
method and an auction algorithm for allocation. If the number of agents in the forma-
tion is small, we can use the enumeration and sorting algorithm to get the parameters

Xog OF ré.

3 Collision Avoidance Strategy

In this section, we discuss the mechanisms by which multi-agents avoid collision
when switching formation. It is assumed that the multi-agent moves in a straight line
from the current formation position F, to the target formation position F, during
the formation switching. As you can see from Sect. 2, the initial and target positions
of all agents are known, and the motion path from the initial position to the target
position can be planned. Then, we use the principle of Skew lines, that is, in the three-
dimensional space of position (X, y)-time (t) (Fig. 3), the time of passing multi-agent
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Fig. 3 Multi-agent position N
(x, y)-time (0

R,

<y

R,

X

through a certain position is different, thereby avoiding collision with each other in
the intersections of a certain path. This means that when the agent moves along the
intersecting trajectory, in a certain time interval [to, t;], [t, t3], . . ., the agent stops
or slows down to let other agents pass the intersecting path.

Suppose the kinematic equation of the agent R; is

x=i

Then, the relationship between the position of the agent and the time can be
obtained by r' = r! 4+ v't,t € T;, in which 7; is the time required for the agent R;

i i

to move along the trajectory to the target formation; v/ = —<—=i, in which v/ is a

- T
Ire=ri]

scalar. Furthermore, the distance d;;(¢) between multi-agents is obtained as

i) = (' —r)T (' = 1)) (5)

Algorithm 1 (Multi-agent mutual collision avoidance algorithm)

Input: The current position F of the multi-agent, the target formation posi-
tion Fg, the speed v, the safety distance d between the agents;

Output: speed v';

Begin

(1) Calculate the distance dj, () from the current position F to the target
formation position F using the expression dl.zg ) =" =rD" - =rh);
) ifd} @) =0,
Calculating the distance d;; (¢) between the multi-agents using the expres-
sion (5);
ifd;;(t) <d,



80 S. L. Zenkevich et al.

if dig(t) < djg(t), multi-agent R; waits, v\ = 0;
else multi-agent R; waits, v' = 0;

else v = v;
Else moves to the target position F, and the algorithm ends.

Thus, the main flow of the proposed multi-agent mutual collision avoidance mech-
anism is shown in Algorithm 1. In addition, it is worth noting that in the case of static
obstacles in the environment, Algorithm 1 needs to change some parameters. First,
the distance djp(t) of the current position F of the agent R; to the obstacle is calcu-
lated; secondly, if dijp(t) < d, multi-agent is controlled to bypass the static obstacle
R;.

4 Multi-agent Dynamic Formation Switching Strategy

In this section, we discuss the use of finite state machines to dynamically switch the
formation of multi-agent in different obstacle environments. First, the state of the
multi-agent in the obstacle environment is divided into three states: initial, motion,
and formation switching. In the initial state, we assume that each agent is in sta-
tionary state at this time; motion state, in which multi-agent moves according to
the current topological structure; formation switching state in which the multi-agent
is controlled to switch from the current formation structure to another formation
structure; of course, the formation set switched in the formation switching state is
obtained by Formula (2). Then, using the algorithm of [17] to perform logical con-
trol. For example, when the state machine receives the command “wait” from the top
layer of the system, the command “ready” is issued to each agent. At this moment,
multi-agent is static. When the state machine receives the signal “movement”, it
sends a command “go” to the multi-agent. At this time, the multi-agent needs to
follow a certain control law to ensure that it moves according to the current for-
mation structure. When the command “transformation” appears, the state machine
outputs the command “transform” to multi-agent. At this time, multi-agent selects
the formation structure to be switched in set according to the shape of the obstacle
in the environment, and then completes formation switching. When the command
“stop” arrives, the state machine outputs the command “pause”, and multi-agent
stops moving. The whole process requires commands from the top of the system or
from the operator with a certain time interval. Because the nature of the obstacles
encountered by multi-agent during the movement is different, it is possible to keep
the current formation constantly moving, or it may continuously switch formation.
Of course, when using a finite state machine for formation switching, the top layer
of the system is required to use the sensor to create an environmental map or to sense
obstacle shapes. In addition, this paper does not consider the control law of the lower
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layer of the system. For example, according to a certain control law, multi-agent can
maintain the current formation (linear, column, triangle, diamond, etc.) movement.

5 Experiments and Results Analysis

Simulation Experiment In order to verify the correctness and operability of the pro-
posed method, we carried out simulation experiments in the ROS environment. Dur-
ing the simulation experiments, we imported the known environment map and four
agents into the ros_stage, and used four types of formation structures according to the
obstacles in the map. The specific simulation experiment plan is shown in Fig. 4. It
includes: 1—The top layer of the system, the intelligent layer or the human-machine
operation interface. At this layer, it sends the command/oper_msg, including the start
and stop commands, and the command U that controls the state change. 2—Logical
layer, on this layer there is a set of pre-prepared formation set. The task of this layer
is to change the state of the finite state machine after receiving the command from the
top layer, and send the command Z and the target point coordinates of the formation
structure to the lower layer; 3—The tactical layer, the output of which are the agent
motion control signals generated according to the relevant control law and it will
feed back state execution to the logic layer. 4—Execution layer, which is the main
environment and robot model.

1

Fig. 4 ROS simulation structure
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Fig. 5 Results of simulation experiments

In the third layer (tactical layer) of the simulation experiments, we use the relative
distance and relative direction of the multi-agent as the control law, that is

V=di
: C 6)

¥ -y,
w = arctan —% — 0'
X' —X

8

Among them, #' is the current direction of the agent R;. The simulation experiment
sets the initial formation of the four agents to a straight line, and simulates according
to the formation switching method of this paper. The result is shown in Fig. 5. The
electronic resource of the simulation result video can be found in [23]. In Fig. 5ais the
initial state; c—e, g, 1, | is the motion state, which maintains the topological structure
of the current formation; b, f, h, j, k is a team-shaped switching state, switching from
one topological structure to another according to the shape of the obstacle, which is
in order to quickly pass the obstacle.

The speed change result of multi-agent in the formation switching state b is pre-
sented in Fig. 6; Fig. 7 are graphs showing the results of the distance between the
ground robots in the formation switching state b. From figure, it can be reflected that
the motion trajectories of the multi-agent R, and R3, R; and R,, R3 and R4, R; and
R3, R; and R4 have intersections. When R, and R3; move to the intersection of the
trajectory, R3 waits because the distance from the intersection to the target point is
equal; when R; and R, move to the intersection of the trajectory, since the distance
from the intersection point to the target point of R; is larger than R, so R, Waits;
when Rj3 and R4 move to the intersection of the trajectory, since the distance from
the intersection point to the target point of Rj is larger than R4, R4 waits; when R,
and R; move to the intersection of the trajectory, due to the intersection point to the
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Fig. 7 Distance results between multi-agents

target point of Rj is larger than R;, and thus R; waits; when R; and R4 move to the
intersection of the trajectory, R4 waits because the distance from the intersection to
the target point is equal. The correctness and effectiveness of the avoiding mutual
collision algorithm of multi-agent system can be reflected from Figs. 6 and 7.

Real Experiments This paper uses the agent platform shown in Fig. 8 for a real
experiment. The agent shown in Fig. 8a is equipped with a lidar and a Hall code disc,
and the function of the agent is to collect environmental data by using a laser sensor.
The sensor of the agent shown in Fig. 8b is only a Hall code disc. All of the top layer
systems of the agent are the Raspberry Pi operating system with Ubuntu. The lower
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Lidar (b)

>
—+  Raspberry Pi |1—
> Arduino }1'

Motor drvcr L298

Fig. 8 Agent platform

layer uses the single-chip arduino to output PWM to control the motor speed. At the
same time, the arduino receives the pulse signal of the Hall code disc and calculates
the current speed of the agent. In addition, the laptop is used as the ROS host in the
experiment. Its function: First, the environment map is built by using the laser data
of the agent shown in Fig. 8a. The mapping scheme has been described in detail in
[24]. Second, the operator selects the formation structure to be switched according to
the environment map displayed by RVIZ. The remaining agents act as ROS clients,
accessing the map information of the ROS host and positioning them on the map
according to the odometer.

We use 4 agents for real experiments, and the initial formation of the multi-agent
system is triangle (as shown in Fig. 9a). During the experiment, the agent equipped

® _____  ©

Fig. 9 Real experiment results
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the laser sensor was always in the lead position, and the result of the mapping is
shown in Fig. 10. At the logical layer of the program, two formation structures of
switching (line type and triangle type) and the aimed positions of target formation
are set. Using the formation switching method provided in this paper, after 2 s, the
formation of the multi-agent system becomes linear (as shown in Fig. 9b); after 3 s,
it becomes triangular (as shown in Fig. 9c).

6 Conclusion

This paper proposes a strategy for dynamic formation switching of multi-agent in an
unknown environment. This strategy uses the Polya enumeration theorem to build
all the formations set of multi-agents, so that in the case of encountering different
obstacles, the finite state machine theory is used to control the switching of the
formation. In the case of formation switching, this paper considers the collision
avoidance strategy of multi-agent when the motion trajectory intersects. In addition,
this paper also solves the problem of target point allocation of the agent switching
from the current formation structure to the target formation structure by using the
minimum distance method. This paper does not consider the control of the formation
switching and maintains a variety of formations (such as lines, columns, triangles,
diamonds, etc.), which is the research direction that needs to be carried out later.
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Andrey E. Gorodetskiy, Irina L. Tarasova and Vugar G. Kurbanov

Abstract Problem statement: solving the problems of situational control of mobile
robots in the group play an important role for effective collaboration when working
together. The article deals with the problem of joint movement of a group of mobile
robots. Purpose: setting the problem of situational control in the group interaction of
mobile robots and analysis of the principles of situational control of a group of robots.
Results: a generalized mathematical description of the problem of situational control
in the group interaction of mobile robots is obtained, various structural approaches to
the organization of situational control of a group of robots are analyzed. A generalized
mathematical description of the planning of situational control of a group of robots
is given. Practical significance: the possibility of using the proposed mathematical
formulation of the problem of situational control on the example of the passage of a
group of robotic cars through the intersection is shown.

Keywords Situational control - Groups of intelligent robots + Environment of

choice - Deterministic - Stochastic and not fully defined constraints - Synthesis of
the algorithm for finding the optimal solution

1 Introduction

The problem of control in the group interaction of objects is a global problem, actual
for many spheres of life. Wherever there is a group of living or technical objects that

A. E. Gorodetskiy - I. L. Tarasova (&) - V. G. Kurbanov

Institute of Problems of Mechanical Engineering, Russian Academy of Sciences, St. Petersburg,
Russia

e-mail: g1 7265 @yandex.ru

A. E. Gorodetskiy
e-mail: g27764 @yandex.ru

V. G. Kurbanov
e-mail: vugar_borchali@yahoo.com

V. G. Kurbanov
Saint-Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia

© Springer Nature Switzerland AG 2020 91
A. E. Gorodetskiy and I. L. Tarasova (eds.), Smart Electromechanical Systems, Studies
in Systems, Decision and Control 261, https://doi.org/10.1007/978-3-030-32710-1_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-32710-1_7&domain=pdf
mailto:g17265@yandex.ru
mailto:g27764@yandex.ru
mailto:vugar_borchali@yahoo.com
https://doi.org/10.1007/978-3-030-32710-1_7

92 A. E. Gorodetskiy et al.

need to work together to do some work or solve some task, this problem arises. In
the technical field, it is most relevant in robotics. At the same time, optimizing the
interaction of a group of robots in the performance of a joint task is now becoming
increasingly difficult. It requires taking into account the complexity and intelligence
of technical robot control systems, providing a constant expansion of the scope
of such robotic systems (RS). In complex RS based on Smart Electromechanical
systems (SEMS) [1], it is necessary to analyze not only the behavior of an individual
robot, but also the behavior of a group of robots interacting with it. The complex
RS under consideration has appropriate behavior due to the presence of the Central
nervous system in SEMS [2]. A group of interacting robots can be transport robots
performing coordinated movements, robots collectors performing joint operations,
etc.

When creating such groups, specialists are primarily faced with the need to assess
the ability of the group to make the right decisions under uncertainty. It is neces-
sary to take into account the static and dynamic features of each robot and account
features of decision-making in the Central nervous system of individual robots. For
this purpose, computer simulation with identification and evaluation of decisions in
complex dynamic systems under conditions of uncertainty [3] of the environment is
usually used. This environment will eventually be filled with robots and all sorts of
“smart” systems. Naturally, it will then require these robots and artificial intelligence
systems to have “instincts” that allow them to avoid collisions with obstacles and
each other while driving. However, if these instincts are too strong, robots will be
too slow, which will adversely affect the effectiveness of their actions. To eliminate
this situation, it is necessary to develop algorithms that will constantly strive to find
the optimal balance between speed and security. This will allow the robots to always
operate with high efficiency.

In addition, the task of controlling a group of robots has additional complexity due
to the need to ensure coordination between robots. In complex RS, each robot must
satisfy its kinematic and dynamic equations, as well as existing phase constraints,
including dynamic constraints that ensure no collisions between robots.

The need to compare different trajectories of interacting robots (development sce-
narios) with each other, as well as restrictions on the practical feasibility of algorithms
for processing data about objects and the environment lead to the fact that the area of
determining the characteristics of the state in one way or another is discretized. For
example, it is translated into a logical form by fuzzification of data [4]. Then they are
analyzed using algebraic logical expressions [5, 6] and optimized by mathematical
programming methods in ordinal scales or generalized mathematical programming
[7].

The creation and development of situational control systems requires a lot of
resources to collect information about the objects and control environment, their
dynamics, control methods, as well as to systematize this information within the
semiotic model. Therefore, it is considered that the method of situational control is
advisable to apply only in cases where other methods of formalization lead to the
problem of too large (for practical implementation) dimension.
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It should be noted that the control technology developed by scientists currently
does not guarantee the absolute safety of the movement of robots, which is confirmed
by several incidents that occurred during the tests. Existing control technology for
cars also does not guarantee this. They are only trying to minimize the likelihood
of a collision. For example, Magnus Eggerstedt thinks that: “The existing control
systems of such cars are very conservative, they will not allow the car to move in
the presence of even the slightest danger. All this will lead to the fact that on the
roads on which the robot cars will move, there will always be congestion and traffic
jams, which can not be eliminated independently, even the most highly intelligent
automatic systems” [8].

2 Setting the Task of Controlling the Movement of a Group
of Robots

In solving the problems of control of the group interaction of robots, much atten-
tion is paid to the issues of their self-organization and maintenance of homeostasis
within the group. For example, solving the problems of formation of formations [9],
working out coordinated movements [10], joint search and transportation of objects
[11, 12], etc. However, the mechanisms considered in these tasks do not guarantee
the completeness of the tools that are necessary to meet all the tasks that the group
may be faced with. There is a need for another level of control, which would be an
interface between the group and the operator, setting the target tasks [13, 14], and
which can be attributed to the optimization tasks of situational control [15, 16]. In
this case, the operator can be not only a person, but also a computer program that
makes decisions.

Consider the task of translating a group of robots A = {ay, az, ..., a,} located at
time t, at the points S = {sy, $2, ..., Sy} the surrounding limited space L? c E3,
(E3—three-dimensional Euclidean space) to target points F = {f1, f2, ..., fn} of this
space by the time f; in the minimum time:

T =ty—ty — min, (1)
with a minimum probability of collision of robots:
P, — min. 2)

Usually, when using various mathematical optimization methods, the condition
(2) is replaced by an inequality of the form:

D mij() < M, 3)

ij
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where: M is the maximum number of collisions, i, j are robot numbers from 1 to n
(i # j), k—the number of the moment in time from the time interval 7, the value
mj(ty) is determined from a Boolean expression:

“if at time ty a trajectory r; of the robot a; intersects with the trajectory r; of the
robot a; that is r; N rj# 0, so my; (ty) = 1, else myj () =0".

The search for a solution to the problem is carried out in an environment of choice,
which changes over time ¢, that is, it is dynamic O(t). It can be split Into O(z;) layers
with some constant or variable step Ay:

0@ = {0(w), ..., 0w, ..., O(t7)}. @

Each layer O(#;) (k =0, 1, ... [t; /h;]) contains the surrounding space L3, divided
into cells e, (#) with constant or variable steps h,, h,, h; along the axes X, Y, Z. Here
q is the cell number, g =1, 2, ..., Q.

O(t) = {er(t), e2(te), ..., eo(1) }. (5)

Each cell e,(#;) is characterized by the presence or absence of a; robots, and
obstacles B;(#;), in the form of: prohibiting the movement of signs v;(fy), traffic
lights w;(#;), road markings y(#;), etc.

B (i) = {vi(t), wi(t), y(®), ...} (6)

In addition, each cell is characterized by a matrix of interaction of the robot with
the environment G(t) = {G(t), Ga2(ty), ..., G, (x)}, describing the influence of the
cell environment on the dynamic state of the robot, it is a collection of cells—the
traffic rules of type: if—then.

The complexity of the problem, which requires the use of methods of situational
control, is that the parameters and functions characterizing the cells e, (t), can be
deterministic, stochastic, or not fully defined.

An example of the task can be the task of driving a group of robot cars through
the intersection.

In this case, the surrounding space L3 of dimension L,, Ly, L. is allocated in the
vicinity of the intersection along the X, Y, Z axes. It is divided at the beginning of
the control #( into cells e,(#9) with constant steps h, hy, h, along the axes X, Y, Z.
At points S = {5y, 53, ..., s,} of the surrounding space L and the corresponding
cells contain robot cars A = {ay, ay, ..., a,}. Each of them is characterized by speed,
acceleration and target points F = {f, f2, ..., f} this space. They need to arrive at
the time t¢ in the minimum time T. Moreover, the number of possible collisions of
robot-cars must satisfy the inequality (3).

Cell sizes (steps hy, hy, h;) are selected larger than the dimensions of the largest
robot-car. Each cell e, (#;) is characterized by the presence or absence of robot-cars
a;, and obstacles B;(#;). In addition, each cell is characterized by the interaction of
the robot-car with the environment in the form of matrices G(t;) = {G(#;), Ga(ty),
..., Gy(#1)}, describing the influence of the cell environment (road surface, humidity,
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temperature, etc.) on the dynamic state of the robot. In the linear setting is the transfer
function of the vehicle by the disturbance. The set of cells is characterized by the
rules of movement R,,(f;) through the intersection of the type: if — then. These rules
are determined by the type of crossroad.

For example:

When passing through the intersection

If: “There are no traffic lights

No additional characters

Each street has 1 lane

It is necessary to turn to the right

In front of the intersection there is a robot car

It moves at a speed greater than controlled”

So “Controlled robot car continues to move to the intersection (moves to the next
cell) without braking”

The selection environment O(¢) containing cells and robot cars changes over time 7,
that is, it is dynamic. It can be broken into O(#;) layers with some constant or variable
hy. step depending on the dynamic properties of robot cars and perturbing properties
of the cell environment. Then the optimization problem (1) with constraints (3) and
other logical, logical-probabilistic and logical-linguistic constraints can be solved
sequentially for each layer of the environment of choice O(¢). However, this approach
does not guarantee the minimization of the travel time through the intersection of
the whole group of cars A = {a,, ay, ..., a, }, since the selection environment at each
subsequent step depends on the decisions made in the previous steps and can change
over time.

3 Principles of Situational Control

In the considered formulation of the problem, the following structural approaches to
the organization of situational control of a group of robots are possible: centralized
control of @; (i =1, 2, ..., n) robots with operator K (Fig. 1), decentralized control
of robots a; without isolation of the leader robot (Fig. 2), decentralized control of q;
robots with allocation of the leader’s work a; € A (Fig. 3), combined control of q;

Fig. 1 Centralized control G
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Fig. 2 Decentralized control

Fig. 3 Decentralized control with a leader

robots with the operator K without highlighting the robot of the leader a;, (Fig. 4)
and with the allocation of the robot of the leader a;, (Fig. 5).
Centralized control with the operator requires the following functions [13]:

— interface between the team robots and the operator;

— creation of a database and a database of rules on the environment and robots;
— decomposition of the task into subtasks;

— building a joint action plan of the group of robots;

— distribution of areas of responsibility between robots.

Fig. 4 Combined control
with coordinator ‘
O }
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Fig. 5 Combined control
with coordinator and leader

Most of these functions are typical of any other control structure. In order to ensure
that the structure in question has the property of completeness (that is, if the goal is
achievable, the sequence of actions to the goal will be found), access of all robots of
the group to the database and operator knowledge is required. This imposes certain
restrictions on the access time to the shared database of each member of the group
and it requires calculation and dynamic redistribution of priorities on the sequence
of control of the members of the group of robots.

With decentralized control without a leader, each robot is engaged in a logical
conclusion [17]. This will make it difficult or impossible to access the databases and
knowledge of other team members. This will lead to a violation of the coordination
of movements of the group members. In addition, it will be possible for conflicts to
occur with independent decision-making by each member of the group.

The equivalence of roles in the group in decentralized control is eliminated when
choosing a leader [18]. In this case, the leader coordinates the movements of the
group members and eliminates conflicts, and the rest of the robots play a supporting
role of remote databases and knowledge and query relays. At the same time, the
effectiveness of movement control of a group member will depend heavily on the
degree of its remoteness from the leader, and the entire group on the number of group
members.

Under combined control with the operator and without isolation of the robot
leader, group members can share information about their own condition and planning
movements. This allows them to analyze commands or movement plans coming
from the operator and reject unacceptable ones that lead to conflicts with neighbors.
However, the equality of group members requires operator intervention when setting
priorities to resolve conflicts. This can lead to slower decision-making in the group.

Under combined control with the operator and with the allocation of robot of the
leader group members can also exchange information about their own condition and
planning movements. But the presence of a leader allows you to eliminate contra-
dictions and set priorities within the group with the help of a leader. This increases
the security of group management, but there is a dependence of the effectiveness of
conflict control on the degree of remoteness of the conflicting robots from the leader.

With any structural approach to the organization of situational control of a group of
robots, it is necessary robots together to collect information about the environmental
parameters, the current state of individual robots of the group, the planned actions of
members of the group of robots, etc. After collecting the information in the general
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case, the environment of choice O(#;) can be characterized at some point in time #
by the following tuple:

Ot) = (A1), S(t), F(t), Yy mij(t), M, Bi(t), G(t), Rm (). (7)
iJ
Planning of situational control of a group of robots is:

— division of group tasks into subtasks:

O(to) = O(ty)--- O(to) = Ofty), ®)
U(t) Ulty)
where: U () = {uta, (), tta, (1), - . . , ta, (1)} g, (t)—control action applied to a;

robot at the moment of time #;, k =0, 1, ..., f.

— distribution between robots of group of solutions of subtasks so that the solution
of a group problem was carried out in the minimum time taking into account the
available restrictions, including on information interaction.

In general, the solution of the group control problem will be the synthesis of the
search algorithm, so ordered set w C 2 of the many alternative combinations of the
controls U(#;) the best combinations of the control laws each member of the group of
robots ug, () € U (#) based on the estimated quality Q given the system preferences
E and entourage choice O(ty).

w2V x QY, )

where: 2Y —denotes the set of all subsets U, and QY —set of all quality ratings (tuples
of length from 2 to 1Ul), x—sign of Cartesian product.

4 Conclusion

Wherever there is a group of complex intelligent technical objects that must work
together to perform some work or solve some problem, there is a problem of finding
the optimal algorithm of situational control.

The natural restriction on the synthesis time of the algorithm for finding the
optimal solution in real time imposes restrictions on the number of members of the
controlled group and the distances between them associated with the dynamics of the
environment of choice and the dynamics of controllability of the robots themselves.

Classification of situations makes it much easier and faster to plan the situational
control of a group of robots. Classification of situations is to attribute the current
situation to one or more classes corresponding to some control.
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If the resulting solution to the classification problem is unique and the selected
class of situations requires some certain impact on the objects, then the objects are
served associated with this control class. At the same time, one of the prerequisites
for the effective application of the situational approach should be observed: the
number of possible control decisions is significantly less than the number of possible
situations [19]. Otherwise, you need to solve the problem of analysis of the current
situation in the environment of choice O(#;). It becomes a problem of estimating
the previous control with the purpose of making decisions about the change plan
situational control. Adjusting the plan of situational control at each subsequent step
does not necessarily lead to the construction of the optimal plan, since in the aggregate
the selected step-by-step path to the goal will not be guaranteed to be optimal (the
control process may be non-Markov). Therefore, it is necessary before making a
decision on the plan of situational control to conduct a simulation of control of a
group of robots, for example, on the basis of fuzzy mathematical modeling of poorly
formalized processes and systems [4]. This allows for step-by-step construction of
the path to go back and discard the ineffective parts of the track (see Fig. 6, where
bold denotes the best way). Naturally, such a search for the optimal plan of situational
control based on modeling requires additional computing power and time from the
control system. Significant progress in this direction can provide parallelization of
calculations, i.e. simultaneous passage of all possible ways of the plan of situational
control with the subsequent decision on optimality.
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Abstract Problem statement: The formation of the dish system of the radio tele-
scope antenna in the near-earth orbit can significantly improve its main characteristic,
namely, the value of the aperture surface utilization factor (SUF). In this case, practi-
cally excluded its dependence on deformations of weight and wind effects. Purpose:
Solving the problem of increasing the aperture efficiency (AE) of the space radio
telescope by controlling the position of the reflecting shields of the dish system and
the radiation receiver. Results: The method of formation in orbit with the satellites
of the earth the dish system of the space telescope. The method of its adjustment and
focusing with the help of controlled elements based on SEMS modules is developed.
Practical significance: The automatic control system (ACS) is described, which
allows forming, adjusting and focusing the dish system of the antenna of the space
radio telescope. The ACS provides an increase AE of a space radio telescope with a
significant variation in the operating frequency ranges of the received radiation and
in the absence of the influence of the Earth’s astronomical climate.
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1 Introduction

Radio telescopes usually have two-dish antennas. They are the electronic analog
of the well-known in astronomical optics telescopes Cassegrain and Gregory. The
two-dish antenna consists of a main-dish, a sub-dish and an irradiator (Fig. 1). A
large dish is a paraboloid of rotation or a cut from it. A small dish can be part of
hyperboloid of revolution of two nappes (in the Cassegrain system) or part of an
ellipsoid (in the Gregory system) [1].

For normal operation of a two-dish Cassegrain antenna (Fig. 1a) it is necessary in
one of the focuses of the small hyperbolic dish (F;) to place the phase center of the
irradiator, and the second focus (F,) to combine with the focus of the parabolic dish.
In this case, the main-dish will be irradiated as if some fictitious irradiator were in
its focus. It should be borne in mind that the radiation pattern (DN) of the real and
fictitious irradiators will be different.

Gregory’s two-dish system differs from the Cassegrain system only in that the
auxiliary dish is a cut from the ellipsoid of rotation (Fig. 1b). The latter has the
property that if one of its foci F; put a concentrated source, the reflected rays from
the inner surface will gather in its second focus F,. Therefore, if the phase center of
the irradiator is placed in one of the focuses of the ellipsoid F;, and the second focus
F, is combined with the focus of the parabolic dish, the system will work similarly to
the previous one. Cassegrain antennas are more common because they have a shorter
axial length and provide less phase distortion.

The main characteristic of the antenna system is the value of the aperture surface
utilization factor (SUF). Its value strongly depends on the accuracy of the dish surface
shapes and on the accuracy of the alignment of the dish focuses, which depend on the
weight deformations and wind effects, as well as on the change in the length of the

Fig. 1 Two-dish antennas: a Cassegrain system, b Gregory system; 1—irradiator, 2—sub-dish,
3—main-dish
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Fig. 2 Earth satellite orbits. 1, 2—launch phase of the satellite launch vehicle, 2, 3—phase of
the near-earth orbit, 4, 5, 6—phase of the geostationary orbit and 6, 7, 8—phase of the descent or
retention in orbit

received antenna radiation. The influence of these factors on antenna SUF is espe-
cially noticeable for large radio telescopes and small (millimeter) wavelengths [2, 3].
For example, when using the Effelsberg (Germany) radio telescope with a diameter
of 100 m for receiving millimeter—wave signals, its SUF dropped to 10-20%, which
made this radio telescope in the millimeter range completely ineffective [4].

Reducing the influence of these factors on the reduction of SUF of large radio
telescopes is primarily associated with various ways of adapting the dish surfaces of
antennas [5—7]. The essence of the proposed methods is to control the position of
the shields that make up the dish surfaces, according to the results of measurements
and calculations. Practically get rid of the influence of weight and wind disturbances
can be due to the formation of the radio telescope antenna in space, for example in
the geostationary orbit of the Earth (Fig. 2). Naturally, in this case, the formation
of a dish system in orbit using artificial satellites is much more complicated and
there are a number of problems associated with a large temperature drop, solar
radiation, periodic adjustment of the position and orientation of satellites that require
appropriate energy consumption, etc.

2 Antenna Formation in Near-Earth Orbit

To increase SUF with a significant spread of the operating frequency ranges of
the received signals and large weight and wind deformations of the antenna design
elements, the shields of the reflecting surfaces of the main dish and the counter-dish
are mounted on the control elements [7, 8]. Measure the position of the boards forming
the reflecting surface of the main dish of the antenna. According to the measured
values of the positions of the main dish shields for each shield, an approximating
paraboloid is built in the computer in such a way that the focal length and the position
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of the base of each paraboloid are minimally different from the neighboring one and
the differences between their focal lengths are multiples of the wavelength of the
radio radiation received by the antenna. Calculate deviations of each Board from
the corresponding approximating paraboloid and on the calculated deviations move
these boards, reducing deviations to zero. After the end of the movement of the
main dish shields, the positions of each counter-dish shield are measured. Build the
computer model of the rays reflected from the shields of the main dish in the direction
of sub dish and stroke of the reflected rays from the surfaces of the shields sub dish.
Calculate the error of the extreme rays reflected from the shields of the main dish
with the provisions of the relevant edges of the reflective surfaces of the shields sub
dish. Move each shield sub dish towards reduction of these misalignments so that the
position of their focuses differed minimally among themselves and with the position
of the secondary dish focus system and (or) to the position of the radiation receiver
provided that the length of the beams (optical paths) from the primary focus to the
reflective surfaces of the shields sub dish and the differences between them, as well
as the length of the beams (optical paths) from the reflecting surfaces of the shields
sub dish to secondary focus and the differences between them are a multiple of the
wavelength of the radiation to accept.

The disadvantage of this method of antenna formation is the strong influence of
the astronomical climate of the antenna installation location on the antenna SUF at
the time of astronomical observations. Eliminate the influence of the astronomical
climate of the Earth, mainly in the millimeter wavelength range can be due to the
installation of reflecting surfaces of the antenna on the earth’s satellites, output to
earth orbit. In this case, the radiation receiver installed on the control element, control
elements with shields of reflecting surface of main dish and controlled the elements
with shields of sub dish set everyone on the satellite (Fig. 3) [9].

Wherein the controlled elements are used for the serial connection of modules
SEMS [10, 11]. The use of SMS modules with parallel structures of the multi-
link electric drive makes it possible to obtain the maximum accuracy of guidance of
shields and receiver with minimal travel time due to the introduction of parallelism in
the processes of measurement, calculation and movement. The use of high-precision
ultrasonic motor in SEMS as electric drives provides the ability to operate in extreme
conditions, including in outer space [12, 13]. The use of a serial SEMS connection
makes it possible to position the reflecting shields at small displacements of the
center of mass, which facilitates the stabilization of satellites. Small dimensions
and controllable reconfigurability of the SEMS design provide high flexibility and
maneuverability of the aerospace robotic systems designed on their basis. In addition,
the supply of SEMS developed by a team of information and control systems similar
to the Central Nervous System (CNS) of man [14], will allow robotic systems based
on SEMS to make reflective decisions in conditions of uncertainty and thus increase
their control and adaptability.

The formation of the dish antenna system in orbit is performed by the automatic
control system (Fig. 4), containing a central control computer 23 located on the
Earth, the output of which is connected to the system 24 of the satellite output into
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Fig. 3 Scheme of satellites location in orbit during the formation of the dish system
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antenna group of satellites

24

z

26

27



108 A. E. Gorodetskiy et al.

orbit, the system 25 of the satellite stabilization in orbit, the system 26 of the satellite
orientation and the system 27 of the antenna alignment, as follows.

In accordance with the scheme of launching satellites into orbit (Fig. 2) and in
accordance with the scheme of formation of the dish antenna system (Fig. 3) by
commands from the Central control computer 23 (Fig. 4) with the help of the system
24, the satellites are put into orbit in such a way that a group of satellites 9 carrying
the reflecting surfaces 10 of the main dish with control elements 11 formed a figure
in orbit close to the paraboloid, and a group of satellites 12 carrying the reflecting
surfaces 13 of the counter-dish with control elements 14 formed an ellipsoid-type
figure (see Fig. 3). At the same time, the optical axes of these figures are on the
same line and their focuses coincide in the primary focus of the antenna F1, and the
satellite 15 carrying the radiation receiver 16 with the control elements 17 is placed
near the secondary focus of the antenna and the ellipsoid F2. In this case, the rays
of 18 received radiation (Fig. 3), falling on the reflecting surface 10 of the main dish
and reflected as rays 19 fall on the reflecting surface 13 sub dish and is reflected in
the form of rays 20 are brought into focus of the ellipsoid 22 (secondary focus F2 of
the antenna).

Then, according to the commands from the Central control computer 23 (Fig. 4)
with the help of the system 25, the satellites are stabilized in orbit and the reflecting
surfaces 10 and 13 are deployed, as well as the radiation receiver 16 in such a way
that they form a dish antenna system (Fig. 3).

Then, according to the commands from the central control computer 23 (Fig. 4)
with the help of the system 26 and the engines of satellites 9, the reflecting surfaces
10 of the main dish are oriented so that the reflected rays 19 gather in the primary
focus F; of the antenna. Further, with the help of the system 26 and the engines
of satellites 12, the reflecting surfaces 13 of the sub dish are oriented so that the
reflected rays 20 gather in the secondary focus F; of the antenna. In this case, the
shields reflecting the surfaces of the 13 sub dish are oriented so that all reflected rays
are collected in the secondary focus F, with equal phases. In this case, the antenna
SUF will be the maximum. In particular, as shown in Fig. 5, the beam 32 from the
edge of the shield A the surface 10 of the main dish passes through the primary focus
F, of the antenna, enters the region D of the shield surface 13 sub dish agreed with
the position of the shield surface 10 of the main dish, and the beam 33 from the edge
B the shield surface 10 of the main dish passes through the primary focus F; of the
antenna, hits the edge C of the shield surface 13 sub dish. At the same time, the rays
34 and 35 reflected from the shield 30 of the surface 13 are collected in the secondary
focus F, of the antenna with equal phases.

After that, with the help of the system 26 and the engines of the satellite 15, the
sensitive surface of the receiver 16 is oriented so that the focus F2 of the antenna
falls on the sensitive surface of the receiver 16.

However, during the orientation of the dish surfaces of the antenna with the help
of satellite engines, it is not possible to achieve a complete agreement between the
position of the surface shields 10 of the main dish and the positions of the surface
shields 13 of the sub dish (see Fig. 5). In particular, the rays 32 and 33 from the edge
A and b of the shield of the surface 10 do not fall on the edges D and C, respectively,
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Fig. 5 The course of the
beams in the dish antenna
system
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of the shield of the sub dish surface 13, the position of which is inconsistent with the
position of the shield of the surface 10 of the main dish. Therefore, not all rays from
shields of the main dish fall on the shields of sub dish and, in addition, as shown in
Fig. 5, reflected from E and K edges of the shield surface 24, the rays 37 and 38 is
collected in the focus F3, the position of which does not coincide with the position
of the secondary focus F2 of the antenna. As a result, the rays can either never get
on the sensitive surface of the radio, or to achieve it in an inconsistent phase with the
rays from the other shields the surface of sub dish. Therefore, when the orientation
of the antenna decreases its AE.

Moreover, the alignment of the antenna with only the engines of the satellites
does not eliminate the misalignment of phases and changing the wavelength of the
radiation is taken as the condition of consistency between the phases depends on the
wavelength \.

L,'—Lj =nk (l)

where L;, L; is the length of the radiation path from the adjacent shields of the surface

10 of the main dish to the sensitive surface of the receiver 16, n—is an integer.
Therefore, after the end of the orientation commands from the central control

computer 23 (Fig. 4) to increase the antenna AE using the system 27, it is adjusted.

3 Adjusting the Dish System

The alignment of the antenna dish system in orbit is performed by the automatic
control system (Fig. 6), containing a guidance control computer 28 located on the
satellite 15, the output of which is connected to the automatic control system (ACS) 29
coordinates of the mobile platform of the control element 11 shields of the reflecting
surfaces 10 of the main dish, automatic control system (ACS) 30 coordinates of the
mobile platform of control elements 14 shields of reflecting surfaces 13 sub dish and
automatic control system (ACS) 31 coordinates of the mobile platform of the control
element 17 of the radiation receiver 16.

Automatic control systems (ACS) 29, 30 and 31 are identical.

Block diagram of a ACS (Fig. 7) has a control computer 39, containing a calcu-
lator 40 setting actions, receiving at the input of the task from the control computer
guidance 28, and 41 control error calculator, one input of which is associated with

Fig. 6 Block diagram of the
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Fig.7 Block diagram of automatic coordinate control system of moving control elements platforms

the output of the calculator 40, the other—with the output of the measurement sys-
tem 42 coordinates of the mobile platform 43, and the output—with the input of the
group controller 44 control element 11 or 14 or 17. The output of the group controller
44 is connected to the inputs of six controllers 45, the second inputs of which are
connected to the outputs of the sensors 46 of the movement of the actuator legs 47,
some outputs of which are connected to the inputs of the sensors 46 of the movement
of the actuator legs 47, and others through the hinges 48 with the movable platform
43 connected to the input of the measurement system 42 of the platform coordinates.
Depending on the purpose of the control element 11 or 14 or 17, either the reflecting
surface 10 of the main dish or the reflecting surface 13 of the counter-dish or the
radiation receiver 16 are attached to it.

The dish system is adjusted as follows.

At the beginning of the alignment, the automatic control system (ACS) 29 coor-
dinates of the mobile platform of the control elements 11 shields of the reflecting
surfaces 10 of the main dish is started by commands from the control computer of
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guidance 28 (Fig. 6). Control computer 39 (Fig. 7) ACS 29 using the computer 40
sets of influences, takes in the measurement system 42 of coordinates of the movable
platform 43, the signal at the beginning of the measurements. The system 42 mea-
sures the positions of the platforms 43 and the associated shields 10 of the main dish
and transmits the measured information to the calculator 41 control errors, the other
input of which simultaneously from the calculator 40 receives the required values
of the coordinates of the platforms 43. The calculator 41 for each shield 10 of the
main dish builds on the measured values, for example, by the least squares method,
the surface of the approximating paraboloids in such a way that the focal distance
and the position of the base of each paraboloid are minimally different from the
neighboring one and, at the same time, the differences between their focal distances
are multiples of the wavelength of the radio radiation received by the antenna. Then,
the calculator 41 calculates the deviations of each shield from the corresponding
approximating paraboloid and transmits to the group controller 44 the correspond-
ing correction signals of the platforms 43. The group controller 44 according to the
received corrective signals produces tasks for the movement of the actuator legs 47
for each of the controllers 45. Controllers 45, having received the task to move,
subtract from them the movements obtained from the sensors 46 of the feedback
position of the feet-actuators 47, according to the received signal differences, they
produce control actions in accordance with the established control law, for example,
manipulated value of the PID controller. These control actions are transmitted to the
electric actuators of the foot-actuators 47, which will move them and, accordingly,
the platform 43 with the associated movable shields 10 until the signals from the
feedback sensors 46 are equal to the task signals from the group controller 44. When
equality is achieved, the controllers 45 transmit the corresponding messages to the
group controller 44, which, after receiving messages from all controllers 45, will
transmit to the control computer of the guidance 28 a message to the beginning of
the automatic control system (ACS) 30 coordinates of the mobile control platforms
14 shields of the reflecting surfaces 13 of the sub dish (see Fig. 6).

Automatic control systems (ACS) 30 coordinates of the movable platform control
elements 14 shields reflecting surfaces 13 sub dish work as ACS 29, but in this case,
the system 42 measures the position of the platforms 43 and their associated shields
13 sub dish.

After installation of the shields 13 sub dish, i.e., after receiving messages from
all the controllers 45, the ACS 30 will transmit to the control computer 28 of the
guidance message at the beginning of the operation of the automatic control system
31 coordinates of the moving platform control element 17 of the detector 16 (Fig. 6).
The control computer 39 (Fig. 7) ACS 31 via the computer 40 sets of influences,
takes in the measurement system 42 of coordinates of the movable platform 43, the
signal at the beginning of the measurements. The system 42 measures the positions of
the platforms 43 and the associated radiation receiver 16 and transmits the measured
information to the calculator 41 control errors, the other input of which simultane-
ously from the calculator 40 receives the required values of the coordinates of the
platforms 43. The calculator 41 determines the required position of the center of the
sensitive surface of the receiver 16 and the direction perpendicular to the focal plane
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of the antenna. Then, the calculator 41 calculates the deviations of the measured
coordinates of the platform 43 from the required by condition of approval of the
coordinates of the center of the sensitive surface of the receiver and its direction on
the focal plane. The calculated deviations are transmitted by the calculator 41 to the
group controller 44 in the form of platform 43 correction signals. Then, the group
controller 44 on the received corrective signals produces tasks for the movement of
the actuator legs 47 for each of the controllers 45, which, after receiving the task for
the movement, subtract from them the movements obtained from the sensors 46 of
the feedback of the position of the actuator legs 47, according to the received signal
differences are produced in accordance with the established control law, for example
in proportion to the integral-differential (PID), the control actions. These actions are
transmitted to the electric actuators of the actuator legs 47, which will move them
and, accordingly, the platform 43 with the associated receiver 16 until the signals
from the feedback sensors 46 are equal to the task signals from the group controller
44. When equality is achieved, the controllers 45 transmit the appropriate messages
to the group controller 44, which, after receiving messages from all controllers 45,
will transmit to the control computer of the guidance 28 a message about the end of
the antenna alignment and its readiness for astronomical observations.

When the frequency or wavelength of the radio emission received by the antenna
changes, the ratio of the optical path lengths (1) achieved earlier in the alignment
ceases to be performed. Therefore, the control computer of the guidance 28 transmits
to the ACS 29, 30, 31 a new wavelength value, they make new calculations and
produce signals for correcting the position of the shields 10, 13 and the receiver 16
entering the regulators for focusing the dish system.

Thus, the antenna alignment with the help of controlled elements provides an
increase in the SUF of the space radio telescope with a significant spread of the oper-
ating frequency ranges of the received radiation and in the absence of the influence
of the astronomical climate of the Earth.

4 Conclusion

To form a dish system of a large-diameter space radio telescope (up to 100 m),
thousands of satellites with reflecting surfaces and one with a radiation receiver will
need to be put into near-earth orbit. However, it is possible to gradually increase the
diameter of the radio telescope and, accordingly, a gradual increase in the number
of satellites of the group forming the dish antenna system.

The formation of the dish system of the radio telescope antenna in the near-
earth orbit can significantly improve its main characteristic, namely, the value of
the aperture surface utilization factor (SUF). In this case, practically excluded its
dependence on deformations of weight and wind effects. However, the alignment of
the antenna in the construction of the dish system is much more complicated, since
it must be made in outer space. Accordingly, the focusing of the antenna becomes
more complicated when the length of the received radiation changes.
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When solving the problem of automatic antenna alignment and focusing in open
space, it is advisable to install the shields of the reflecting surfaces of the dish antenna
system on the controlled elements made in the form of SEMS modules.

The use of SEMS modules with parallel structures of the multi-link electric drive
makes it possible to obtain high accuracy of control of the position of the shields
and receiver with minimal travel time due to the introduction of parallelism in the
processes of measurement, calculation and movement. The use of high-precision
piezoelectric motors in SEMS provides the ability to operate in extreme open space
conditions. The use of serial connection of SEMS in the controlled elements allows
the positioning of shields with minimal displacement of the center of mass.
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of the FANET Based Remote Monitoring | @&

System Resources Balancing

Vladimir A. Serov, Evgeny M. Voronov and Dmitry A. Kozlov

Abstract The article discusses the basic principles of the methodology for the
resource control optimizing of the remote monitoring system based on the FANET
(Flying Ad Hoc Network) in real time. The hierarchical game model of optimization
of control of system resources in the conditions of uncertainty on the basis of the
coordinated stably-effective compromises is developed. The problem of synthesis
of game algorithms of load balancing in communication channels based on neural
networks of radial basis functions is solved. The developed situational model and
neurofeedback algorithms provide structural adaptation of the system to the chang-
ing operating conditions and a given level of time delays in communication channels
under the conditions of uncertainty of the input data queues.

Keywords FANET (Flying Ad Hoc Network) - Remote monitoring system -
Unmanned aerial vehicle - Neural network control + Neural network of radial basis
functions - Hierarchical game under uncertainty with the right of the first move -
Coordinated stable-effective compromise + Robast quality assurance

1 Introduction

In solving the problems of situation analysis and control, remote monitoring systems
(RMS), including mobile networks FANET (Flying Ad Hoc Network), consisting of
unmanned aerial vehicles (UAV), satellite communication channels, control centers,
are widely used [1-8].

The object of monitoring is usually a distributed group of objects that share RMS
resources for data transfer. When evaluating the efficiency of RMS infrastructure,
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it is essential to take into account the following factors: high mobility of nodes
and dynamically changing topology of FANET, distributed nature of the tasks to be
solved, inconsistent (conflict) nature of interaction of RSM subsystems, functioning
under uncertainty of input information flows. As it’s known, these factors can be most
fully taken into account in the framework of the game-theoretic direction of system
analysis. In particular, currently game approaches to the development of methods
of synthesis of topologies and control of mobile networks are actively used [9-18].
With increasing information and structural complexity of RMS, the requirements
of optimal coordination of subsystems interaction in order to ensure a given level
of efficiency of the system as a whole in a given range of operating conditions
become crucial. The solution of this problem is possible within the framework of
a hierarchical game approach based on the principle of coordinated stably effective
compromises (COSTEC) [19-22]. Computational technology of COSTEC search
in the hierarchical conflict multicriteria optimization under uncertainty tasks was
considered in [23-26]. However, existing methods and algorithms of COSTEC search
have high computational complexity and do not allow solving problems in real time,
which directly affects the quality of remote monitoring.

A promising tool for solving problems of conflict control in real time is neu-
roevolutionary technology [27-29] and a technology based on the achievements of
quantum Informatics [30]. In the present article the methodology of resources control
optimization in real time on the basis of hierarchical game models and technology
of neural networks of radial basis functions (RBF-networks) is developed.

The representation of the situation model in the form of a coalition structure allows
to simulate all possible changes in the structure of RSM and topology of FANET in
the process of functioning and changes in the conditions of conflict interaction of
subsystems.

2 Hierarchical Game Model of Resource Balancing
in Remote Monitoring System Based on FANET

One of the possible variants for building RSM infrastructure based on FANET is
shown in Fig. 1. UAV teams M;, M, monitor the current situation in the areas of the
ground operation Gy, G,. To transfer information to the control center (CC) each of
the groups M;, M, uses individual communication channel FANET,; and FANET,
respectively as the primary and shared satellite channel as a backup. Depending on
the amount of information transmitted, the data streams from M, M, are distributed
over the communication channels available to them.

Figure 2 shows a hierarchical structural scheme of data flow control in RSM
channels, including levels of coordination, control, process.

In accordance with the above structural scheme, the information transfer pro-
cess consists of two subprocesses: each of the groups M, M, forms together with
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_ FANETZ

M2

G1 G2

Fig. 1 RSM infrastructure based on FANET

the data CC a subscriber pair (S, D;)—subprocess 1 and (S,, D,)—subprocess 2,
respectively. Receivers D, D, collect and process data from sources Sy, S;.

Subscriber pairs use channels F; (FANET 1) and F, (FANET 2) exclusively,
respectively, and share a satellite channel F.. The RSM infrastructure is expected to
operate under uncertainty. An uncertain factor is the vector of input data flows in
subscriber pairs (S;, D;) and (S;, Dy)z = [q1, qz]T € Z, which is known only that
it can take any value from the set Z = Q; x Q; of the form

Z ={q =191, 921" | 41min =q1 < @1max; ¢2min < 92 < Gomax |- (1)

At the top level there is a coordinating Center, which has the right of the first move
and forms a vector of priorities v = [y, llIQ]T, according to which the resource of
the common channel F, is distributed among the subsystems. The set of valid priority
values is given as

V={¥ =, U2l U1, U220, 41 + Y =1} )

The part of the shared channel resource P,,; allocated to service the source stream

S;,i = 1,2, is calculated as
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Fig. 2 Data flow control scheme in RSM channels
P :meuizlv_z: (3)
Y1+ U2

where P, is the bandwidth of the shared channel F..
At the control level, there are subsystems C;, C,, that, with fixed priorities, form
the vector u = [uy, u»]” € U of distribution of input traffic through channels:

P1 = qiuy; p2 = qau2; pre = q1(1 —u1); pac = qa(1 — u),
U={u=[u,u]"|0=<u;<1,i=1,2}. 4)

The data flows distribution in the communication channels is calculated according
to the table algorithm presented in Table 1.

The data transmission efficiency at the control level is evaluated by a vector
indicator, the components of which characterize the time delays in the channels that
determine the efficiency of the mission as a whole.

The performance indicator of the subscriber pair (S;, D;) is defined as

Ji(v,u,z) = max{t; (v, u,z), Tic(v,u,2)},i =1, 2. &)
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Performance indicator of the coordinating Centre:
Jo(v,u,z) = max{/i(v,u,z), L(v,u,z)}. (6)

The task of the channel balancing control optimizing in FANET is formalized in
the form of a hierarchical game under uncertainty with the right of the first move

I'=(Co,N,V,U,Z, Jo(v,u,z),T'(V)), (7)

I'v)=(N,U,Z,J(v,u, z)). (8)

In (7) Co—the coordinating Center; N = {1, 2}—a set of interacting subsys-
tems—subscriber pairs; V—a set of permissible values of the priority vector v of the
form (2), formed at the coordination level; U—a set of permissible values of sub-
systems control parameters vector of the form (4); Z—a set of possible values of the
uncertain factor of the form (1); Jo(v, u, z)—the Center efficiency indicator of the
form (6); I’ (v)—game model of the form (8), formalizing the rules of subsystems
conflict interaction—subscriber pairs under uncertainty at the control level with a
fixed strategy of the Center v.

3 Neural Network of Radial Basis Functions Architecture

The control law B (g1, ¢2) = {v(q1, g2),u(q1, q2)}, formed on the basis of the
principle of coordinated stably effective compromises (COSTEC) [4], corresponds
to the optimal balancing of FANET channels depending on the input load in the com-
munication channels. The method of the control law B?* (¢, ¢») synthesis is based
on the use of the library of genetic algorithms of multi-criteria conflict optimization
(GAMCO) [23-26], has a very high computational complexity, which does not allow
a real-time balancing.

To solve this problem in real time, a neural network technology based on the
use of RBF-networks has been developed, which is a further development of the
methodology described in [5, 6]. The RBF network architecture is shown in Fig. 3.

To determine the matrix of synaptic weights W = [wy,, s = 1.k, = 1,4], the
problem of RBF-network training is solved. The training set is formed in the form

L={((a/ af). (uhubo v 0d)). j = TT0I}, ©)

where each training pair corresponds to the optimal mode of balancing RSM
resources at fixed values of the input load: V] = " ' (qu , qé), VYl = Z”’ (61{, qé),
wl = u (qu, q;), w) = ul" (qu, qé) The GAMCO library is used to form the

training set.
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Fig. 3 RBF-network architecture used to the synthesis of the optimal control law B (¢1, ¢2) in
real time

The number of neurons of the hidden layer is equal to the power of the training
set: K = |L|. The activation functions of neurons of the hidden layer are presented
in the form

llq — Cill
fi(q, C) = eXP(—T . (10)

In (10) C;—-centers of activation functions of neurons of the hidden layer, located
in the space of input signals at the points of the training set L: C; = q',i = 1, [L[;
o;—width of the “window” of the activation function.

4 Computational Experiment

The trained RBF network synthesizes the control law B’ (g1, g;) in real time in the

form of interpolation surfaces U{” (q1, g2), W5 (q1, 2), u7"" (q1, q2)> uS" (g1, ¢2)
(Figs. 4,5, 6 and 7) on a set Z of species

Z={q=1[q1.4:1"|0=q1 =3: 0= g2 =3}, (11)

Set Z of the form (11) allows the occurrence of overload mode RSM channels.
The results of the trained RBF network functioning are shown in Figs. 4, 5, 6, 7.

A study of the RSM resource balancing efficiency on all range Z of change of the
input queues is made. Figure 8 shows examples of diagrams of changes of input data
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Fig. 4 Optimal balance control law d;{l”' "1, q2)

Fig. 5 Optimal balance control law {3’ "(q1,92)
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queues in subsystems 1 and 2 from the range (11) are presented. Figures 9, 10 show
the graphs of time delay changes in the system when using the laws of balancing
resources on the basis of COSTEC and STEC, respectively. The dotted line indicates
the acceptable level of the system delay time tmax = 0.314, ensuring adequate

perception of the situation by the operators and the possibility of prediction.

A comparative analysis of these balancing modes shows that in conditions of
overload, starting from the level g1 + g2 > 5, the use of STEC does not provide
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Fig.7 Optimal balance control law u5”" (g1, ¢2)

the required level of efficiency. The use of COSTEC provides a robust quality that
guarantees a given level of efficiency of the system over the entire range Z of uncertain
factor.
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Fig. 8 Diagrams of changes in input data queues in subsystems 1 and 2

Fig. 9 Diagram of changes in time delays in the system, using the resources balancing law based
on COSTEC

5 Situational Model of Remote Monitoring

It is proposed to form a situational model of remote monitoring in the form of a
coalition structure. The coalition structure K is a breakdown of the set of UAVs
involved in the monitoring process into coalitions:
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Fig. 10 Diagram of changes in time delays in the system, using the resources balancing law based
on STEC without coordination

K= {Kl,...,Kn

i#j ieN

where M = {ﬂ} a set of UAVs—rparticipants of the conflict; N = {I,_n}—a set
of subsystems of the data transmission, forming a RSM; K;—coalition uniting UAV
included in the FANET; and in the group M; directly involved in the monitoring of
the district G;.

We assume that the members of the coalition are characterized by common inter-
ests and coordinated actions. There is a non-coalition interaction between the vari-
ous coalitions. Changing the coalition structure allows you to simulate all kinds of
changes in the topology of FANET in the operation of RSM, as well as changes in
the conditions of conflict interaction of subsystems.

The efficiency of each coalition K;, i € N, is characterized by a vector indicator

T T T
[JKi]T — [(JF) , (J?") , (J?) ], that combines vector components: Jll(i—the

efficiency of information transfer; J 5(" —the efficiency of monitoring of the G; area;
J f '—the efficiency of the configuration of FANET; and grouping M.

6 Conclusion

The task of the resources balancing of the remote monitoring system based on FANET
is formalized in the form of a hierarchical game with the right of the first move under
uncertainty, for which the COSTEC principle is used.
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The problem of RSM channels balancing optimal law synthesis depending on the
input load on the basis of the COSTEC principle is solved. It is shown that the use of a
hierarchical balancing model based on COSTEC provides a significant improvement
in the quality of RSM functioning over the entire range of operating conditions.

The optimal law of balancing RSM resources is implemented in real time on the
basis of the RBF-network.

A situational monitoring model in the form of a coalition structure is proposed,
which allows to carry out a comparative multicriteria analysis of the effeciency
of various options of RSM infrastructure in case of changes in the conditions of
functioning.
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Switching Operation Modes Algorithm m
for the Exoskeleton Device e

Valery G. Gradetsky, Ivan L. Ermolov, Maxim M. Knyazkov,
Eugeny A. Semenov and Artem N. Sukhanov

Abstract Problem statement: For the organization of feedback in the control system
of the exoskeleton, information-measuring modules, sensors are essential elements.
They allow monitoring the state of the system, to obtain information about the envi-
ronment, objects of manipulation. Sensors are necessary elements of the master
devices that allow evaluating the control signals of the operator. In this paper we
propose our algorithm based on mathematical model of human skeletal muscle. Pur-
pose: The movement of the exoskeleton with low speed is necessary to perform any
technological operations and it requires increased accuracy of the desired movement.
This is especially important when holding or moving heavy cargo or fragile objects.
The mode of movement at high speeds allows operator to move quickly the links of
the exoskeleton to the desired position in space. This mode is essential for applica-
tion in situations where frequent changes of direction of movement are taking place
and high speeds are required. A feature of this mode is the requirement for a short
transition time of the position and speed of the links of the exoskeleton. Results: The
algorithm for recognizing the desired action of the operator and selecting the desired
mode of operation of the exoskeleton with the adjustment of the characteristics of the
task generator was proposed. To obtain reliable experimental data SEMS system was
used. The simulation shows that this algorithm improves the quality of control of the
exoskeleton drive, using different control formation laws for the corresponding tasks.
Practical significance: The field of exoskeleton devices application is determined by
the scientific and technical tasks assigned to such systems. The use of exoskeletons
is relevant in emergency situations where they are performing tasks related to the
movement of heavy loads, ammunition suspension and the implementation of power
support while debris removing, repair of agricultural machinery. The carried out
researches allows revealing requirements to quality of drive system control of the
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exoskeleton device applied for any human activity. Various modes of operation of
the exoskeleton device were proposed. Each mode should meet the requirements of
operations that the operator should perform in the exoskeleton.

Keywords Control algorithms * Exoskeleton - Biopotentials - Situational control -
EMG - Biocontrol - SEMS

1 Introduction

For the organization of feedback in the control system of the exoskeleton,
information-measuring modules, sensors are essential elements. They allow mon-
itoring the state of the system, to obtain information about the environment, objects
of manipulation. Sensors are necessary elements of the master devices that allow
evaluating the control signals of the operator. There are three types of data received
from the information system.

The Strategic level of the exoskeleton requires information about the planned
movements of a person based on his current actions. The Tactical level uses informa-
tion about the objects of manipulation and the state of the environment. The Executive
level uses information about the state of the motor system, movements in the drives,
the state of the brake elements, the state of the limit switches. In exoskeleton sys-
tems, information and measurement systems are most often position sensors, strain
gauges, sensors of muscle activity, as well as inertial sensors.

2 Data Acquisition

In our previous work [1, 2] we proposed a control technique for the designed [3, 4]
exoskeleton system. The main goal for the current research is to improve efficiency
of control by using torque control in the exoskeleton system to provide information
about interaction of exoskeleton parts with operator. As a source of input signals the
operator controls the result of the actuators motion via visual and torque information.

The input signal for the control system of the designed exoskeleton motion is
obtained from the EMG sensors. The main advantage of using biopotentials in con-
trol is the high speed of obtaining that signal from the operator. In the traditional
approach, based on the use of strain sensors or an interface based on the force action
on the control elements, the nervous system of the operator sends a signal for muscle
contraction. When excited, muscle fibers begin to contract, driving the human bone
[5]. The consequence of this movement is the impact on the control element of the
exoskeleton system.

Biopotential sensors allow receiving a signal at the beginning stage of muscle
fiber contraction, which gives the opportunity to start processing this signal before
contraction ends [6, 7]. The complete time of skeletal muscle contraction varies from
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50 to 60 ms. This time period can be used to process the signal of muscle activity
and generate a control signal for the exoskeleton motors. There are several control
algorithms suitable for the exoskeleton device based on the muscles activity. These
algorithms include:

— Binary Algorithm, which provides control signal for movement when reaching the
predetermined amplitude of the EMG signal. In this case, the reverse motion of
actuated parts of the exoskeleton is often carried out by springs or elastic elements
[8, 9]. This algorithm is easy to implement, but it cannot provide control the speed
of movement of the exoskeleton link. This algorithm is mainly used in prostheses.

— Variable Control Algorithm, which allows to change the speed of movement of
the exoskeleton link in the threshold or continuous mode, as well as to control the
magnitude of the torque implemented by the drive system of the joint participating
in the movement [10]. To implement this algorithm, the control system uses a
proportional link that connects the value of the digitized filtered biopotential signal
with the output values of the control signal. This approach requires a low-pass
bandpass filter and smoothing of the amplitude function of the EMG signal from
time to time to avoid jitter or sudden movements of structural elements.

— The algorithm based of natural movements (Natural Reach and Pinch Algorithm).
This algorithm includes the use of a database of signal patterns of biopotentials
removed from human muscles [11]. The operator takes a course of training, per-
forming certain actions. EMG sensors attached to the skin of the operator collect
information about muscle activity and transmit it to a preliminary database for
further processing.

In this paper we propose our algorithm based on mathematical model of human
skeletal muscle [7].

Every skeletal muscle has its own maximal force contraction parameter which
depends on plenty of factors. It depends mainly on the physiological characteristics
of the operator. The technique of determining this parameter is necessary for the
operation of the control system. To do this, the exoskeleton should not perceive the
control from the EMG sensor, and the force action of the operator on the structural
elements should be perceived as an external disturbance. To obtain the EMG signal,
the non-invasive surface electrodes should be applied to the skin of the operator. The
operator needs to apply maximum force to change the position of the links of the
exoskeleton. The force sensor located on the handle will record the maximum value,
and the position sensors will record the current values of the generalized coordinates.
Thus, the control system will identify the maximum force that the operator can
develop for the current configuration, and find the maximum weight of the load
Mmax, Which the operator are able to hold.

The force developed by the muscle is expressed by the following way:

Fdes(t) :a(t)FmafoV(Va)fFl(la) (1)

Here fry (V,) is functional dependence of contraction force from speed of muscle
contraction, fr;(l,) is dependence of contraction force from the current length of
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the muscle [12]. Mathematical models of these dependencies were obtained by the
authors [13, 14]. The activation level a(¢) is the value determined by the ratio of the
desired force F ., (t), to maximum possible force Fi,, developed under the current
parameters of the length /,(#) and the reduction rate V,(t).

Muscle fibers generate electric signals when muscles are contracted. The intensity
of muscle innervation means a fraction of the maximum effort. Sending impulses, the
brain generates tension in the muscle. Pulse frequency (4-900 Hz) and the amplitude
of the voltage (£0.0012 V) [15] received by the sensors of the action potential and
the data after filtering and averaging, are supplied to the controller. Filters and the
smoothing algorithm are implemented in the block of the interaction of human and
exoskeleton. It is a link between the duty cycle of the operator’s nervous system and
the motor control system.

Control of the performed actions, as well as evaluation of the environment state
goes through a visual channel, and tactile sensations allow the operator to evaluate the
strength of reactions when interacting with objects in the environment. If there is an
intermediary system between a human and the environment like exoskeleton device,
it is necessary to understand that the introduction of such a link into the information
channel of interaction between a person and an object leads to a violation of the
naturalness of this interaction.

To restore the naturalness of human interaction with objects, many developers of
exoskeleton systems use force feedback, which allows getting an idea of the presence
of an object or its shape without direct contact with the object.

3 Muscle Model

In free movement the vector of generalized torques M; , for exoskeleton motors will
be formed by the muscle activity of the operator. Taking into account the delay in the
formation of the control, the vector of generalized torques M; . of the exoskeleton
system will be formed with its own delay, which can lead to position error for the
operator’s arm links and exoskeleton links both. Thus, there is |g; . (t) — qi.o (£)] < &,
where §&; is the maximum position error. Attachment devices of the exoskeleton
impose restrictions on the movement of the operator’s limbs [16]. In this case, there
isagap &; > 0, while &; < &;, which is the possible constructive error of the arm
link of the operator from the corresponding link of the exoskeleton. In this case, the
movement of the arm will be subject to a one-way constraint. For the exoskeleton
device, this constraint turns to a disturbing effect [17].

Within a particular designed gap ¢; the operator’s hand can be moved freely setting
the movement of the links of the exoskeleton by the force of muscles. When the arm
contacts with the link of the exoskeleton the not-holding joint appears, generating
reactive efforts, making changes in the dynamics of the nominal system and in the
dynamics of the desired motion of the exoskeleton.

The mathematical description of the movement of the exoskeleton-human system
will be determined as follows:
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where k; is a proportional factor, /;, is arm for the force in the i-th joint of the
operator’s arm, /;, is arm for the force in the i-th joint of the exoskeleton. 7, is
the kinetic energy of the arm, W, is the potential energy of the arm, ¢, , are joint
coordinates associated with the operator’s arm, M; ,—torques corresponding to the
their coordinates ¢g; ,. The kinetic energy of the considered arm can be found as the
sum of the kinetic energies of its components: 7, = Z;’zl T; ., where n is the number
of considered links. 7, is kinetic energy of the exoskeleton, W, is potential energy
of the exoskeleton, ¢; . ere joint coordinates associated with the parts of the system
of exoskeleton, M; ,—generalized forces (torques) acting on an exoskeleton system,
M; s 1s vector of external disturbing torques resulting from the interaction of links
of the exoskeleton with the objects of the external environment.

As for the muscle its excitation-to-activation dynamics is described like the next
equation:

a(t) = f(u(r), a(t)) 3)

Here u(t) is muscle fibers excitation (EMG), a(f) is activation signal. The
activation-to-force (contraction) dynamics can be described as follows:

fMT =g(a(t),lMT,UMT,fMT) (4)
where IM7 is current muscle length, v™7 is contraction velocity, fM7 is real force
applied by the muscle. From the first Eq. (1) fry(V,) and fF;(l,) elements are
nonlinear functions. The muscle force-length dependency can be described as:

0, ifle <1
frlad) =1 (&)’ 4)

e 7 ,if%>1

Here [, is the current muscle length, /, is optimal length of the current muscle.
frv(V,) depends on the contraction velocity:

0, if Vlff <

Lk Vatck Vate
otV = | Heatgden, i 71 < s <0 ®
/akCEz+fv AR i er{ > 0

kcealo+Vate ! lo
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Here 7. is muscle reaction time, y, kcg1, kcgr and f'®* are experimental coef-
ficients. In our work we used the next numerical parameters [18]:

7. =0.1,y = 0.45, kcg1 = 0.25, kcpa = 0.06, f™ = 1.6

With current parameters we can obtain contraction force for the skeletal muscle
under certain length. Figure 1 shows length change for the skeletal muscle.

Thus we can obtain the virtual model of the muscle. Besides active elements in
the model there are passive elements that are described with subsystem F** (Fig. 2).
In our work we used the next expression for the passive elements:

FPE = Frax (57 + 1) (7

Here kpgp = 3 is experimental coefficient.

“fI(LM)”-subsystem is presented on Fig. 3. It contains force-length dependency
from (5).

“V(VM)”-subsystem is presented on Fig. 4. It contains force-velocity depen-
dency from (6).

The scheduler is equivalent to the target task, represented in a graphical form. In
this case, the desired law of motion is represented in the form of a linear change of
the generalized coordinate from 0° corresponding to the situation of lowered down
of the operator’s arm to 135°, which corresponds to the arm bent in the elbow joint
for example and changing the biceps brachii length from 150 to 60 mm. The model
response for the length changing is developing force, presented in Fig. 5.
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4 Interface Model

To provide feedback from exoskeleton system to the operator we propose using
close loop torque control technique. The interaction between the operator and the
exoskeleton was simulated on the example of biceps brachii work. The interface
subsystem for such interaction is presented in Fig. 6.

Processed

Biochemical processes
sensor

Fig. 6 Operator-Exoskeleton interaction block
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The activation level a(¢) is the control signal for the Operator-Exoskeleton inter-
action block. It is an important information parameter for the muscle contraction
model. This parameter is a source of information for the biopotential sensor (EMG
sensor). In this block (Fig. 6) the time delay of the reaction of the synapse, the exci-
tation of the muscle fiber, as well as the reaction of calcium exchange in the cells of
the muscle were taken into account.

Delay in processing the signal of nerve impulses for the synapse and the process
of calcium ion exchange in cells formed as aperiodic links. The transfer function of
the biopotential sensor corresponds to the integrating unit with a sufficient gain ratio,
which corresponds to the actual amplification of the EMG sensor. Also it has a PI
controller that generates a control signal to the actuator input of the exoskeleton. It
has customizable settings for integration time, the 7., and transfer coefficient K.
This block and its parameters were described in our previous paper [1, 2].

The actuator of the exoskeleton is a multi-circuit electromechanical system, closed
via torque. In addition to torque feedback, this system provides current feedback
(Fig. 7). The torque feedback is essential for torque regulation in the system.

The result of the regulation is shown in the Fig. 8.

Exoskeleton drive is intended to compensate any external torque. Therefore, the
operator may control speed of exoskeleton’s links movement via biopotential signal
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from his muscles. The exoskeleton drive control depends on the parameters of the
controller and biopotential sensor. The choice of the parameters of these elements
will significantly affect the dynamics of the exoskeleton.

The gain coefficient in the EMG regulator has great importance in the synthesis
of the control formation. The results of the experiment are shown in Fig. 9.

Figure 9 shows that the reducing of the coefficient K,., leads to a significant
increase of transient parameters of the angle and velocity. Further increase of this
parameter, however, leads to the appearance of beats, expressed in increasing of
the velocity amplitude. This is due to the fact that the reaction of the operator to the
velocity changing of the exoskeleton’s links does not have enough time. The operator
continues to move his arm even after drive compensation of position error. That leads
to mistiming of actions of the operator and the exoskeleton and desynchronizes
movement.

In the simulation we tried to obtain the reaction force between the operator and
the exoskeleton link. The result is shown in Fig. 10.

Here at the first second of simulation there is a force leap that means physical
contact of human arm and the exoskeleton link. After that leap the exoskeleton link
provides motion with force application to the operator’s arm, trying to help him in
this motion. And in the end of simulation the reaction returns to zero which means
stabilization of the link in space. Thus the realized torque feedback control performed
its operation.
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5 Conclusions

To implement the desired movement of the exoskeleton links it is necessary to process
information coming from various sources (operator, reactive forces from the objects).
Processing that data is essential for generation of control signal for the exoskeleton
system. In this paper we propose our algorithm based on mathematical model of
human skeletal muscle. To provide stability in control of the exoskeleton device its
drive system should have torque feedback.
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Design and Control for Vacuum Contact m
Devices of Mobile Wall Climbing Robot L
Application in Complex Environment
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and Artem N. Sukhanov

Abstract Problem statement: The structure of vacuum grippers includes a system
of sensitivity of the vacuum level, the angle of inclination of the surface and the
trajectory of the robot. The vacuum level in the vacuum contact devices may vary
in a wide range of values and allows the efficient adjustment of the flow level and
pressure in the supply system of the mobile robot. Strategy based on decision making
as example of control was developed taking into account the situational changes in
the complex environment in which the robot moves. Purpose: To test the developed
control algorithms, a series of experiments with vacuum grippers in air and water
environments at different depths of underwater application was carried out. Based
on the results of the work, recommendations were given for the design of adaptive
vacuum grippers, which can be used on robots of vertical movement during their
operation in complex environments. To obtain reliable experimental data SEMS
system was used. Results: The design and control of the vacuum contact device of
the mobile wall climbing robot implemented for vertical movement and operating
in complex environments are considered. Variable design of vacuum contact devices
capable for adaptation to changes in the dynamic environment on surfaces arbitrarily
oriented in space was proposed. Practical significance: Various control modes for
vacuum creation devices are proposed. It depends on the quality of the attachment
surface and the operating environment of the wall climbing mobile robot.
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1 Introduction

‘We consider those vacuum contact devices (VCD) that are intended for satisfy contact
between wall climbing robot and surfaces placed under different angles to horizon.
The control of the such types of vacuum of vacuum contact devices was under
consideration in some previous paper, but no adaptation has taken into account [1].
Climbing machines for underwater applications have a lot of innovations in design,
construction, materials and components for mechanical, sensory, control and tool
systems [2—4]. In common case climbing underwater machine is a mobile underwater
robot (UCR) intended for realization technological prescribed tasks. The robot’s
mechanical and control systems, include vacuum contact devices, drives, sensors
with special design that permitted to work in underwater conditions up to 10 m depth
[5]. Vacuum contact devices (VCD) are one of the main components required special
attention.

The paper presents discussion related with prescribed tasks, information param-
eters needed for design and control of UCR, experimental characteristics, demands
for basic schemes, recommendations for vacuum contact device design, information
data for simulation and modeling. Control motion information and design are real-
ized by using information parameters such as force, pressure, vacuum, proximity,
position, angle, velocity and flow. In our study we suggested to consider as example
of control—decision making on the base of fuzzy logic system.

Previous UCR had supervision control [6]. In our paper the attention was made
to increase autonomy and reliability of UCR by means fuzzy control and decision
making.

Former much research in robotics deals with different problems of the motion of
wheeled mobile robots but not UCR and the motion control of wheeled mobile robots
in unstructured environments. Fuzzy logic approaches to mobile robot navigation and
obstacle avoidance have been investigated by several researches. Many application
works of fuzzy logic in the mobile robot field have given promising results.

Strategy was presented in paper [7] for the autonomous navigation of field mobile
robots on hazardous natural terrain using logic approach and a novel measure of ter-
rain traversability. The navigation strategy is comprised of three simple, independent
behaviors: seek-goal, traverse-terrain, and avoid obstacles. This navigation strategy
requires no a priori information about the environment.

The sensor-based navigation of a mobile robot in an indoor environment is very
well presented in [8]. The paper deals with the problem of the navigation of a mobile
robot either in an unknown indoor environment or in a partially-known one. Fuzzy
controllers are created for the navigation of the real robot. The good results obtained
illustrate the robustness of a fuzzy logic approach with regard to sensor imperfections.

Intelligent mobile robot motion in unknown environments reflected in many
papers including [9-25] but not applied previous to UCR.

In this paper the following tasks are solving:

— Design of UCR with VCD;
— Vacuum contact devices study by use information characteristics;
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— Control algorithms;
— Decision making and strategy of UCR as example of control.

2 Design of Underwater Wall Climbing Robot
with Vacuum Contact Devices

Besides general features for all type underwater vehicles such as increased pressure,
fluidity environment, etc., a surface quality is important of a UCR reliable motion. As
a rule, the surfaces, located under water are covered by the obstacles in the form of
different kinds of cracks, sea-weeds and deposits. Therefore for motion along such
surfaces it is necessary special vacuum contact devices and control with decision
making possibility to have reliable contact with surface or to avoid such kind of
obstacles.

Wall climbing robot has to reliable move along vertical or slope surfaces charac-
terized not predicted quality. In such complex conditions robot has to estimate and
decide itself what to do, how to move, what direction of the motion is preferable
to avoid cracks or holes, and to decide about value of detaching force depends on
situation.

The designed UCR consists of two platforms (Fig. 1). Here 1 is internal platform
with leg group 3 and vacuum contact devices (VCD) on every leg; 2—Ileg group
with VCD of external platform; 4—transport pneumatic drive; S—rotating unit;
6—external platform; 7—piston-drive; 8—technological platform; 9—technological
equipment; 10—11—hermetic units of control system; 12—15—platforms for sensory
equipment. All VCD equipped with proximity and force, vacuum sensors, pneumatic
drives have proximity sensors for final position fixations.

Fig. 1 Scheme of 8
underwater climbing robot
11
1
5
4
3
2 1
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A technological module is installed on the platform. A video camera is used for
navigation and orientation of the robot. A control unit organizes automatic control
of the whole system.

The URC moves as follows. When the internal group of the VCD is connected
to motion surface by means of the grippers, the external one has possibility to move
easily with a piston-rod relative to the platform or the platform can rotate to change
the direction of motion by rotation unit. When the external group of the VCD is fixed
on the surface, the internal one can move with the platform, and so on.

The view of one prototype version is shown in Fig. 2. The following forces are
acting on UCR in underwater position (Fig. 3):

F—technological force, F,—acting force of water column, F3, Fx and Fr—
friction, normal and tangential forces, acting on every vacuum contact device, M .—
moment acting on every vacuum contact device, M —overturn moment applied at
center of mass of UCR.

Fig. 2 View of underwater
climbing robot with VCD

Fig. 3 Underwater robot
place and acting forces on
underwater climbing robot
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Acting vibrations on UCR as result of technological processes may be harmonic
type, F1 = Asinwt.

Motion equation of the pneumatic drive piston of UCR with technological equip-
ment mass m may be written as follows:

1
ZFi=00r5€=Z(F0+F1+Fz+F3—F4),

where

F—technological force, F',—acting force of water level, F'3—dry friction force,
F, = DxX—viscous friction in pneumodrive, D = 2.5x% 10~2—coefficient of viscous
friction. Fp—additional payload of UCR, Py = mg - sin o, my—total UCR mass,
g—acceleration due to gravity, «—angle between surface and VCD ends.

Reduction gear sets the desired value of the output drive velocity. The micropro-
cessor connected with regulator and rack carries out a control of the PC working
longitudinal motion.

This drive design provides both the continuous low speed mode to fulfill techno-
logical operations by the robot, and the discrete high speed mode. The discrete high
speed mode is convenient for the fast transportation of the technological equipment
by the UCR to working zone. The discrete high speed mode is switched on by a
control muff disconnection. In the continuous low speed mode a control muff con-
nects the engine block with PC. In this case, the drive output velocity depends on the
engine velocity.

Prescribed prospective tasks for underwater climbing robots may be as follows:

— inspection and repair of the surfaces of the pools in nuclear power station;

— technological processes producing such as cleaning, cutting, welding, along sur-
faces in such pools;

— survey and cleaning of ships surfaces, during parking in ports (marine growth on
the hull reduces a speed of a ship and increases a fuel consumption, it takes a long
time, and the toxic and expensive agents to destroy a marine growth in dry dock);

— survey and cleaning of channels and dams walls;

— survey and repair of underwater parts of petroleum platforms;

— inspection and repair of underwater pipelines;

— inspection and underwater cutting of sink ships;

— help for divers.

For execution of such work it is necessary to fix the robot on the surface and then to
perform the robot’s movement along the surface. For these cases it is recommended
to take into attention the experience of use the underwater climbing robots (UCR)
special design. UCR are capable to move along vertical and slope surfaces, located
under water with the help of vacuum grippers. Advantages of such robots are ability
to move along the surfaces of various materials (metal, concrete, etc.) and reliable
fastening on surface.
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3 Vacuum Contact Devices Study

Vacuum contact device is intended for realize gripping function of UCR with a
surface in underwater position. The standard friction gripper (FG) have a normal
gripping force of over 1000 N, but they need an initial press force about 150 N to
seal the possible roughness and cracks of a motion surface. There are standard sealing
grippers (SG), which can seal the roughness up to 4 mm and more by an elastic edge,
but they have no sufficient gripping force. The combination of these two kinds of
grippers gives a possibility of having a high gripping force with a sealing effect on
the rough surfaces.

This two-staged VCD is shown in Fig. 4, where 1—elastic sealing, 2—pad is
realize function of force sealing and is connected with piston drive 5, 4—ejector, 6—
position sensor, Ps;, Pso—supply pressure for piston drive. At the initial moment only
the SGs are actuated. They produce an attaching force enough to seal the roughness
for the FGs. This is the first “sealing” stage. After the sealing response time is finished
in about 1.7 s. the power ejector is switched on. As result the FGs carry out a force
fixation of the UCR by means VCD on the motion surface in about 2 s response
time. Time is the second “force” stage of the gripping. The used FGs with diameter
160 mm provide an attaching force up to 1100 N. The two-staged gripping takes
approximately 4 s and then it is possible to begin a working stage to fulfill a stride
by moving one group of the VCD relative to another one, which is fixed to a motion
surface.

The gas ejector 4 (Fig. 4) of VCD is intended for produce vacuum P, in the
chamber 3. Air and water mass flow through the every of channels 1, 2, 3 of the
ejector 4 (Figs. 4, 5) can calculated as

Fig. 4 Scheme of vacuum
contact device with a piston

drive
Fig. 5 Scheme of vacuum Vi P, m, m, m,
contact device with ejector gas - / / P
— 3
LI T—L 3
o __F_,:e_ ‘ :*l
=z - = 4
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m; = p;V;S;, where p; is density, V; is velocity, S; is space of cross section

. d? 42 .
of i-flow. For gas stream §; = I, for water stream S, = 32, for mixture flow
S’; _ 7 D?*

The following balance equations are valid for gas-water ejector [5, 6]: motion
2
balance: m;V+ P S|+ myVo+ P2S,= (m+ my)V3+ P3S3; energy balance: m V71 +

2 2
mgVT2 = (m; + mg)‘%. Using those equation, it is possible to find vacuum P,, if
other parameters are known [20]:

1 | mVi+ PiSi +myVy — P3S3 — (my +m)VK

Pz:S_ K AP3(L — L7)®?
2 I _
2D( 3 ( 7)®%) (1)
K=m1V12—|—m2V22
m; + my

where Py, P,, Ps—pressure in the cross Sects. 1, 2, 3, coefficient A = ?133 ;?ﬁ Re—
Reynolds number, ®@2—Martinelly parameter [8].

We supposed that pressure P, is in chamber 1 (Fig. 5), x—variable pneumatic
restriction where pressure change from atmospheric P, up to vacuum P,, 3—constant
pneumatic restriction, and P, — P,= kP—Ilinear approximation.

The force characteristics depends on the depth are presented in Fig. 6.

The number of the VCD for such a purpose is calculated beforehand depending
on a total weight of the UCR with technological equipment. A diameter of one VCD

is got from the next formula: d = ,/ %, where

d=90mm d=100.mm
900 [
P=08P
/ /’,di'l.U_L“m
o -~
639 P=0.6 / /,d—-"-llﬂ-lnm
- ) / /
ot 450 P=0.5P A d= 140 mm
N
(*]
S 225 Sl

P =03 |>/
/

[

AN

2.5 5.0 7.5 10
Depth h. m

Fig. 6 Acting forces of vacuum control devices depend of water depth
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F,—normal detaching force, Ap—pressure difference between VCD vacuum
volume and environment.

The normal detaching force is calculated as F, > % + F, where

F,—tangential detaching force,

F .—normal detaching force from technological equipment,

u—friction coefficient.

4 Algorithms of the Control Robot Motion

To satisfy control UCR with VCD motion the conforming algorithms were developed.
Appropriate algorithms intended for satisfy as automatic control for typical kinds of
robot motion.

Program software was realized on the base developed algorithms that satisfy
translation, rotation transport motions and VCD motion for robot connecting to the
walls.

As examples, some block-diagrams of algorithms are presented on illustrations
(Fig. 7). Structure of algorithm for supervision control of robot motion includes level
of man-operator and level of robot.

Where VCDC—vacuum contact device central, VCDO—vacuum contact device
outside, E]—ejection, PD—piston drive, PR—pressure reducer, JK—joystick.

Initial Position
VCDC DOWN ON;

T EJ VICDC ON; T . _sens
EJ VCDO 0FF; “VEDO “>—YES
PD FORWARD ON ,lD DOWN_ "~ 00w “_on
’ - J no ] [1se
No- NO '—wf‘" .
" [ 1sec }O | EJ WDC 1YE5 '\-. g:ﬂ'lﬂt
~ucop
[ _~Bensoi . PO
-‘-. vCDC uP I»-t-._\_w..cﬁc I r_.v-l'ESt{ backward
_NO- ] 13
No —VCoT 8énsor PD-.
"“n'_‘{_ DOWN J"YES' \Qad:ward O
NO
_Sensor.
5 |Pn forward wYES - < vene
T iad] <
semarpn, o] 2 o NO.
h YES r ‘h: .
rwald L =), | n{ 1sec

Fig. 7 Structure of algorithm for control robot motion
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5 Decision Making and Strategy of Underwater Wall
Climbing Robot Control

The structure includes two levels hierarchical system of the software for remote
control of UCR vertical moving in a supervisory mode. The main processor is at the
top level of a system and serves supervisory mode of control.

Operator of this system submits commands to the central computer, observing
on distance or on a screen of monitor the conditions at place of action of a robot,
according to which robot will execute determined movements action. The software of
a supervisory control level provides remote data acquisition from system of valuation
gauges about operating conditions and from microprocessors of mechatronic drives,
also executes a reception of commands of operator and putting out the information
on a screen of a monitor and an operator console through interface of user.

The general operating system of all hierarchical structure is stored in a memory
of top level computer.

The fulfillment by a robot of determined actions is executed in an automatic mode
after acceptance of decisions at the help of algorithms and the software of fuzzy logic
system.

The logic analyses of the information, arriving from gauges installed in drives,
and received on expert valuations is executed at this second level of a system.

The analysis of the fuzzy logic processor provides acceptance of decisions on the
basic of mathematical model of the world, of preliminary expert valuations and of
knowledge about the purpose.

Algorithms of a reception of the information concerning with operating programs
realizing them and also storage of this information can be directly at a fuzzy logic
level, or this task is decided with the help of algorithms and of software by common
exchange with of supervisory control level.

The bottom level of a software system is intended for fulfillment of work by
mechatronic drives. This function is provided with the help of built-in microproces-
sors and the programs developed as drivers in codes.

In this section fuzzy control is applied to the autonomous wall climbing robot
reliable motion over unstructured surfaces with such types of obstacles like cracks,
deposits, hills, slopes. It is supposed that robot has structure as presented in Fig. 1.
Force, vacuum, proximity sensors perform the measuring applied variable forces
and angles of the slope VCD end. To reliable move towards the target and avoiding
obstacles, the VCD of UCR has to changes orientation or/and direction of motion
depends on sign of the force.

When an obstacle in an unknown surface is very close, VCD of UCR rapidly
changes orientation. The navigation goal is reliable UCR motion to the target position
while avoiding the obstacles in unstructured surfaces.

The intelligent UCR behavior is formulated by means fuzzy rules. Fuzzy-logic-
based control is applied to realize UCR reliable motion with simple decision making
over unknown surfaces.

Inputs of the fuzzy controller are the following:
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— reference force F inside VCD as a result of vacuum value,

— variable applied force AF inside VCD as a result of vacuum change depending
of obstacle,

— angle orientation « VCD end of slope,

— derivative angle orientation Ae VCD end of slope.

Outputs of the fuzzy controller are the following:

— motion direction x of VCD end;

— motion position correction Ax of VCD end;
— direction y of VCD legs motion or

— direction y of UCR legs motion with VCD.

Reference force F = F, and output force F = F,,; inside VCD and variable
applied force A F inside VCD are determined by means of vacuum sensors. Variable
applied force is equal to AF = F, — F,,;.

Reference motion position x = x; and output position x = x,,,, of UCR are deter-
mined by means of proximity gerkon sensor. Variable or derivative position orienta-
tion Ax = X3 — Xoyus.

Direction y of VCD legs motion is realized when robot decide that are no pos-
sibility to have reliable contact VCD with surfaces and it is necessary to change
position and produce next step to avoid the obstacle. Then robot can decide about
the direction of motion taking into account the final motion target.

The block diagram of the fuzzy inference system is presented in Fig. 8.

The rule-base for UCR fuzzy control are the following:

R1: If F is positive and « is positive then Ax is zero; R2: If F is positive and «
is negative then Ax is zero; R3: If F is negative and « is negative then x is positive
(motion down); R4: If F is negative and « is positive then y is positive (new position);
RS: If F is negative and A is positive then y is positive (new position); R6: If AF
is negative and « is positive then y is positive (new position); R7: If AF is negative
and « is positive then x is positive (motion down); R8: If AF is positive and A« is
positive then Ax is zero; R9: If F is positive and Ac is positive then Ax is zero.

Fuzzy Rule Base

Input Output
variables 1 variables
F s
AF =¥ Fuzzification [ Inferences —  Defuzzification f—> v
Ba = — [ [ &
[0}

Fig. 8 The block diagram of fuzzy inferences system
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For proposed fuzzy controller input variables for angle o of UCR (obstacle orien-
tation) are expressed using two linguistic labels: Gaussian membership functions—
sloped left and sloped right. Input variables for the reference force inside VCD are
expressed two linguistic labels: Gaussian membership functions — low and high.

Input variable for the derivative force AF inside VCD are expressed by two
linguistic labels: Gaussian membership functions—low and high. Input variables
for the derivation Ao of UCR are expressed using two linguistic labels: Gaussian
membership functions—Ileft and right.

The fuzzy sets for the output variables of the VCD derivative direction of motion
is presented in Fig. 9. Output variables are normalized between Ax [—1.0; +
1.0 mm/sec].

The fuzzy sets of the output variable—new piston position y correction by velocity
changing is presented in Fig. 10. Output variables are normalized between [—10; +
10 mm/sec].

The fuzzy sets of the output variabl—VCD position x correction is presented in
Fig. 11. Output variables are normalized between [—0.5; +0.5 mm)].

6 Conclusions

Main particularities and information parameters wall climbing robot design and
motion on underwater conditions are under consideration. Recommendations for
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vacuum contact devices design permit to select needed force and hydromechanical
parameters of underwater climbing robots. It is supposed that every robots equipped
with “gas-water” ejector that generate necessary vacuum for satisfy reliable force
contact robot with surface in underwater conditions. Decision making and fuzzy
rules are formulated, as example of wall climbing robot control.

The experimental characteristics of vacuum contact devices are illustrate the pos-
sibilities of robot motion in underwater environments. Suggested hydromechanical
parameters are used to prepare realization of underwater technologies by means wall
climbing robots.
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Abstract Introduction. Emergencies caused by ionizing radiation occur less fre-
quently than natural, transport or domestic ones. However, they are often global in
nature and have long-term negative consequences. The problem of radiation emergen-
cies is that they are often difficult to reveal quickly. Radiation monitoring means must
also be designed to minimize people involvement, since radiation causes irreparable
harm to them. Purpose: development a robotic system for imaging of ionizing and
radioactive radiation. Methods. A system scheme is proposed which is based on sen-
sor fusion to increase the demonstrativeness and efficiency of radiation monitoring.
Results. A principle of ionizing radiation imaging using a coded aperture and math-
ematical processing is presented. Processing is implemented on the basis of periodic
correlation carried out in frequency domain. A method of heterogeneous channels
calibration and a technique of their images fusion performed using exponential trans-
formation are shown. A special feature of the system is an ionizing radiation imaging
channel, which is implemented on SiPM and thereby has a high sensitivity and a wide
range of detected energies. The design features of the system provide high protec-
tion of its components from penetrating ionizing radiation, allowing monitoring in
a dangerous radiation environment. Practical relevance. The main application is the
automated radiation monitoring of SEMS group operating environment, which is
carried out by robotized systems and allows prompt detecting of an increased level
of ionizing radiation, preventing high damage from radiation accidents.
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1 Introduction

Ionizing radiation emergencies occur less frequently than natural, transport, indus-
trial or domestic ones. However, they are often global in nature and have long-term
negative consequences affecting the population and the environment. During the
most famous and catastrophic radiation disasters thousands of people died in a short
period of time due to a lethal dose of radiation, and even more died within a few
years after that from radiation induced diseases, in particular cancer. Increased doses
of ionizing radiation may occur not only because of global catastrophes, but also
because of local acts of radiation terrorism, as were the cases in Mexico and Iraq in
2017 and 2016 by abduction of radioactive iridium-192.

Radiation emergencies are often difficult to reveal quickly, which increases the
risks of negative consequences. Monitoring means that provide information on radi-
ation situation in a visual way are very useful and therefore are being researched
and developed by many research groups around the world [1-4]. Visual monitoring
systems provide an opportunity not only to see an ionizing radiation source, but also
to understand exactly where it is located [5]. This is achieved by using two sepa-
rate channels to form images of optical and ionizing radiation and by combining
them by one of image fusion methods [6-8]. So, sensor fusion provides the highest
demonstrativeness of radiation monitoring.

Performance, sensitivity and operational features of the imaging system are
directly determined by a sensor used in the ionizing radiation imaging channel.
There are many possible solutions, such as radiation counters [9], photomultiplier
tubes [10-12], CCD and CMOS arrays [1, 13], Medipix tracking detectors [3, 15].
Compared to these detectors, a silicone photomultiplier (SiPM) seems to be more
preferable due to a significantly higher sensitivity and better operational characteris-
tics, so nowadays it is actively investigated [15, 16]. In our development, we propose
to implement the ionizing radiation imaging channel based on SiPM.

The design of radiation monitoring means must also minimize the involvement
of people in order to eliminate the negative radiation impact on them [17]. For this,
a monitoring system should be as automated as possible and able to be remotely
controlled. This leads to the main objective of this work, namely development of
a robotized system for imaging of ionizing and radioactive radiation. In this paper,
we propose a scheme of radiation imaging system, its design and algorithms for
information obtaining and processing.

2 Structure and Principle of Radiation Monitoring System

The developed imaging system must provide information about the radiation situation
in a visual form. It is supposed to be used in a harsh radiation environment, so it must
operate without direct involvement of people and as autonomously as possible. At
the same time, opportunities for remote monitoring and control should be provided.
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Fig. 1 Structure of the robotized imaging system for radioactive monitoring

In sum, a block diagram of the system that takes into account the requirements stated
has the form shown in Fig. 1.

The main functions of the whole developed system are performed by the Monitor-
ing Unit. It contains separate imaging channels for both visible and ionizing radiation.
In the visible spectral range, radiation is focused by a lens; an optical image F; is
formed by a CMOS array.

In the ionizing radiation imaging channel, a coded aperture is used instead of the
lens to form the image. The coded aperture works as a radiation modulator and gen-
erally requires mathematical processing by convolution methods to obtain an actual
image of the source [18, 19]. In our case, the coded aperture forms a shadowgram of
ionizing radiation on a scintillator, which converts it into a shadowgram of optical
radiation. The latter is detected by SiPM, output signal of which is a photocurrent
formed as follows [20, 21]:

_ G-q _ —-PDE-E,-x-n,
’”“"/ {1064[1 P ( N, )” M

e

where t, is signal integration time, ms, x is the scintillator light yield, photon/keV,
E, is the energy of ionizing particle, keV, n,, is the number of ionizing particles, g is
the elementary charge, g = 1.6 x 10~!° C. There are the following SiPM parameters
in the Eq. (1): 7 is the microcell charging time constant, ns, N, is the total number
of microcells, PDE is photon detection efficiency, G is SiPM gain.
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It is important that for imaging purpose, both scintillator and SiPM must be of
array structure. In our system, we used a 4 x 4 SiPM array from Sensl. In this case,
output signal /,,, of each pixel is part of the full two-dimensional output signal s,4:

I()O,out IOl,out IOZ,(mt 103,out
I _ IlO,out Ill,out 112,0ut IlS,out 2
shad = ( )
IZO,out IZl,out I22,0ut 123,0ut

I30,0ut 131,0ut 132,0ut 133,0ut

Each pixel of the SiPM array used has 5676 microcells with charging time constant
of 48 ns. PDE and G values are overvoltage dependent [22]. As a scintillator, we
used CsI(T1) crystal which light yield is 55.7 photon/keV. The output signal of the
whole ionizing radiation imaging channel is the SiPM output signal amplified by
op-amps and digitalized by ADC. The resulting shadowgram represented as a digital
image and processed by convolution methods turns into an image F, containing the
location and distribution of radiation source.

Images from both channels are processed together by a FPGA. Processing includes
primary operations to improve contrast and reduce noise of the image and operations
related to images fusion. The use of the FPGA as a computing device ensures high
speed of processing due to its inherent parallelism. A coupling board is used to
connect the Monitoring Unit with external devices, such as remote monitoring and a
database server containing data of the radiation environment. For data transmission,
Wi-Fi is available, but any other wired or wireless interface may be used.

For spatial orientation of the robotized system, a sensor set is provided. In a
common case, a speed, a distance, and an angular position (direction) sensors are
required. If necessary, this set can be extended by other sensors (wheel rotation,
acceleration, etc.). The information from sensors is analyzed by a drive control unit
and sent to a power drive to move the system to the target position and orientation
set by people in remote monitoring.

Chassis are used to move the system. Depending on the application specifics,
different types of chassis can be used, such as tracked, wheeled or walking ones
[23]. When the system is moving, vibrations and shaking are possible, which can
cause distortions during images fusion and errors in the sensors output data. To
avoid this, the entire system including monitoring unit and kinematic controls is on
a stabilized platform.

3 Image Processing by Fusion

The image displayed on the operator display contains fused information from optical
and ionizing radiation channels, which significantly increases the demonstrativeness
and efficiency of radiation monitoring [8, 24]. The main fusion stages are pixel
intensities matching and result presentation. However, since the image F,, has a low
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spatial resolution and a limited field of view due to the features of ionizing radiation
visualization, the first stage of fusion should be the spatial alignment and calibration
of visible and ionizing radiation channels.

3.1 Spatial Alignment and Calibration

Calibration is required to minimize spatial misalignments, which are inevitable when
designing the two-channel imaging system. The calibration method described below
has been specifically developed to align the visible and ionizing radiation channels;
in both channels, calibration objects must be observed simultaneously.

As the calibration objects, we used white and UV LEDs for the visible and ionizing
radiation channels, respectively. The radiation energy of the UV LED is sufficient to
initiate the scintillation process [25]. LEDs must be located at predetermined points,
at a distance (Bx, By) from each other (Fig. 2). It is advisable the LEDs to be placed
in one plane, i.e. on a single basis perpendicular to the sight axis of the channels, in
order to reduce the number of computational operations at further stages.

In Fig. 2, X, Y, and X, Y, are coordinate systems of the ionizing radiation and
visible radiation channel, respectively; XY is the global Euclidean coordinate system.
The objective of calibration is to find the relationship between X, Y, and X, Y;, while
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X, Y; is considered as the target coordinate system. Thus, the following sequence of
actions must be performed.

1. Calculating the image coordinates of calibration objects placed in the first position
S1. The coordinates of UV LED are (x, 1, y,1) and (x; + By, y; + By) inionizing
radiation channel and global coordinates systems, respectively. The coordinates
of white LED are (x;1, y,1) and (x1, y;) in optical channel and global coordinates
systems, respectively. The coordinates are calculated using weighted summation
[26].

2. Placing calibration objects in the second position S, and calculating the coordi-
nates (x,2, yy2), (x2 + By, y2 + By), (32, y22), and (x2, ;) the same way.

3. Calculating the displacements: (3x,,8y,) = (X2 —Xy1.¥y2 — Y1),
(8xx, 8y2) = (a2 — Xa1, a2 — Y1), (8x, 8y) = (x2 — X1, Y2 — y1).

4. Finding the scale coefficients and shifts by the equations

8x, 3y, 85 Sy
my x S)CA myy Sy)L mp x Sx mj y Sy ( )

and

Ay,X =X, — me)»,X — Xymy x (4)
A,y =y — Bymyy —y,my,y’
where m, x and m, y are X- and Y-axis scales between the ionizing radiation and
optical channels, m,_x and m; y—X- and Y-axis scales between the optical channel
and the global coordinate system, A, y and A, y are shifts between X- and Y-axes
of X, Y, and X, Y, coordinate systems.

Having found scale coefficients and shifts, the resulting coordinate transformation
equations can be written as

x.(x)) =Ay, x +x,my x
= . 5)
y/\()’y) = A]/,Y + yymyy
These equations allow aligning the optical and ionizing radiation channel coordi-
nate systems and transform them into a single global coordinate system.

3.2 Pixel Intensities Matching

After eliminating spatial misalignment, the two multi-sensor images can be combined
by intensities. This is the actual fusion process which must be carried out in real
time to provide continuous monitoring and updating information about the level and
location of radiation sources with a high frequency. Therefore, in order to reduce the
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time between robot actions and information displaying, it is advisable to perform
the fusion in one computational flow without buffering. This imposes a limit on the
computational operations number.

We implemented fusion by the exponential transformation method which consists
in pixel-by-pixel raising of the visible-channel image Fj to the normalized intensity
value of the inverted gamma-channel image F), [25, 27]:

0(x,y) = Fy(x, y)' Heni2, (6)

where 7 is the bit depth of the F), image.

Since the F, image is normalized, the exponent is in the range of [0; 1]. After
inverting F),, minimum intensity values of its pixels become close to 1, which results
in closeness in intensities of images F; and Q. In the opposite case, the intensities
of the F; pixels undergo significant changes. In the end, a narrow range of pixel
intensities of the image F; expands resulting in an increase in the Q image contrast.

3.3 Presenting the Fused Image

The image Q should be presented in a form convenient to be analyzed and interpreted
by the operator. Since humans distinguish between thousands of shades of color and
only about two dozen shades of gray, the most effective presentation is in pseudo-
colors [28, 29]. Pseudo-color images are useful for searching and detecting objects on
a complex background, since they accentuate key information. To form the pseudo-
color image, a color assignment rule is used, the mathematical description of which
is given below.

The first step is to find the difference between the fused image Q and the original
optical-channel image F;:

D(x,y) = Q(x,y) = Fi(x, ), )

The pixels of the image D have values in the O ... 2" — 1 range, where 7 is the
bit depth of the F; image. This range is to be quantized to k intervals, each of which
represents a certain color:

X_Z"—l 8)
s = P

where X is the range of image D pixel values that will correspond to one color.
For each of & colors, an array C is formed, in which 1 indicates that the value
is within the specified range while shows 0 the opposite:

L, D(x,y)elj-Xe: G+ 1 - Xl

CJ(XJ’) = {0, D(x’y) ¢ [] 'Xs; (.]Jr 1) XS] ’

€))
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where j = 0 ...k — 1. Using the arrays obtained, (Rg, G, Bg) values for the
target pseudo-color image are calculated according to the equations:

Ro(x,y) = Ci(x,y) - Ri + Co(x,y) - Ry + -+ + Cj(x,¥) - R}
Go(x,y) =Ci(x,y)- G| + Ca(x,y) - Gy + -+ + C(x,y) - G}, (10)
Bo(x,y) = Ci(x,y) - By + Ca(x,y) - By + -+ Cj(x,y) - B;

where R}, G';, B, arered, green and blue values of each j-th pseudo-color in the RGB
color system.

Elements (RQ, Go, BQ) are used to be placed on the corresponding positions of
the fused image. For the red component, this condition looks like

Q(x, ), Ro(x,y) =0 (11)

Qr(x.y) = {RQ(x,y>, Ro(x.y) #£0°

A similar condition applies to Q¢ and Q  with values G and By, respectively.
Finally, each element of the fused image Q in pseudo-color representation becomes
a three-dimensional vector Q -

Or(x,y)
std(x7 y’3): QG(X, }’) . (12)
QB(x’ }’)

An example of the fused image in pseudo-color representation is shown in Fig. 3.

Figure 3 shows that pseudo-color representation significantly simplifies the radi-
ation monitoring process for the operator and thereby reduces the probability of type
I and type II errors.

Fig. 3 Fused image represented in pseudo-colors
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4 Design Features for Functional Components Protection
from Radiation Effects

The intended use of the developed imaging system in harsh radiation conditions
makes special demands on its design. To ensure uninterrupted operation, the main
functional units must be protected from penetrating ionizing radiation. This primarily
refers to digital electronic (FPGA, DSP, ADC, memory, etc.) and optical components.
For electronics, exposure to radiation can lead to temporary failures or to irreversible
changes in parameters of transistors that are part of integrated circuits [30, 31]. For
optics, radiation causes staining of glass and leads to darkening of optical surfaces
and decrease in transmittance [32]. To avoid these effects, three approaches can be
applied:

e technological methods of radiation attenuation (special radiation-resistant element
base);

e constructive methods of radiation attenuation (lead screens, special optical mate-
rials, etc.);

e redundancy of main system components.

Radiation-resistant elements are significantly more expensive than similar ele-
ments of a wide purpose. The same is true for redundancy of main elements. More-
over, redundancy increases the probability of fail-safe functioning, but does not fully
protect against failures. Considering these factors, we applied constructive methods
to reduce the influence of radiation on electronic components (Fig. 4).

To protect the electronic components including CMOS array and processing unit,
we developed a special double enclosure. Its inner part is made of lead, while the
outer part is aluminum (Fig. 4a). The lead enclosure made of 5 mm thick sheet
material attenuates gamma radiation of 1.5 MeV almost two times and soft gamma
radiation (tens of keV) up to 50 times. The lead enclosure does not protect against
beta radiation, because Bremsstrahlung may occur [33]. Therefore, the outer 4 mm
thick aluminum enclosure is provided. This design provides effective protection, but

(b)

Processing
unit

Fig. 4 Protecting double enclosure (a) and its internal layout (b)
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has a large weight and size (Fig. 4b). The total mass of the double enclosure shown
in Figure is 16 kg.

Direct impact of ionizing radiation on the focusing lens and CMOS sensor is
eliminated by light reflection. Visible light (green arrow in Fig. 4a) hits the optical
components after being deviated, while ionizing radiation (purple arrow in Fig. 4a)
passes in its original direction. The optical axis is deviated by an inclined flat mir-
ror mounted at 45° relative to the light propagation direction. In addition, ionizing
radiation entering through the input window of the optical channel is attenuated by
protective heavy flint glass. In our design, the 10 mm thick glass provides attenuation
equivalent to a lead plate 2.5 mm thick.

Thus, the cumulative design features for protection of electronic and optical com-
ponents allow maintaining their characteristics for a long period of time and thereby
ensure the failure-free operation of the developed imaging system.

5 Conclusion

The paper describes the robotized system for imaging of ionizing and radioactive
radiation. The system scheme is based on sensor fusion. The ionizing radiation
channel uses a scintillator coupled with a silicon photomultiplier, which ensures
high sensitivity and efficiency of radiation detection. To obtain an ionizing radiation
image, a coded aperture is used. To increase demonstrativeness and efficiency of
radiation monitoring, information from optical and ionizing radiation channels is
fused. Fusing method developed consist in spatial alignment of images, their pixels
matching and presenting the result in pseudo-color palette. The paper also shows
the design features of the developed system which ensures protection of the main
functional units from penetrating ionizing radiation and thereby from their failures.

The developed system operates autonomously and is controlled remotely. This
eliminates the negative radiation impact on people and allows performing monitoring
in a harsh radiation environment. Therefore, the system can be used for automated
radiation monitoring of SEMS group operating environment to prevent high damage
from radiation accidents.
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Solid-State Optical Radiation Matrix )
Receivers in Robots’ Vision Systems L

Anastasiya Y. Lobanova, Victoria A. Ryzhova, Valery V. Korotaev
and Daria A. Drozdova

Abstract Problem statement: Video sensors based on matrix optical receivers are
often being used as a part of binocular and multi-angle portable robot’s vision sys-
tems. Their main aim is to provide robot a possibility to orient in any environment.
Due to complex architecture of matrix receiver’s surface, instrumental errors may
occur, which can have a significant impact the measuring result in robot’s orienta-
tion system. Thus, systematic research of matrix photodetector’s parameters, which
affect the value of electric signal, is significant for the measuring video information
schemes of portable robots’ video sensors accuracy analysis. Purpose of research:
development of an algorithm for measuring the variation of optical parameters of
the photodetector surface. Results: basing on ellipsometry method, algorithm for
passing optical rays through the multilayer matrix structure and software for its
implementation were developed, the variation of parameters of the solid-state matrix
receiver’s surface were calculated. Practical significance: the ellipsometry method
can be applied to control the quality of matrix optical receivers. The program, devel-
oped during this research, gives a possibility to automate the calculation of the optical
parameters of video sensors matrices.

Keywords Ellipsometry - Portable robot - Optical matrix receivers * Inverse
ellipsometry problem - Polarization - Surface control
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1 Introduction

Video sensors are an essential part of robots’ sensor system, which provides initial
information to the executive system of the mobile robot. Video sensors perform
orientation of the robot in the surrounding space and form the initial information for
its executive and manipulation functions. Binocular and multi-angle vision systems
of a mobile robot based on video sensors are used in space, aviation, ground, surface
and underwater devices, that is, where automatic image analysis is required to form
solutions and generate control signals [1-4]. General technical requirements for the
robots determine basic requirements for parameters and characteristics of their video
sensors: range, accuracy, speed. The most widely used these days are video sensors
based on solid-state photovoltaic receivers: CCD and CMOS lines and matrices [5-8].

Vision systems based on solid-state multi-element photodetectors have high sen-
sitivity, high spatial resolution and serve as indispensable sources of information
when creating mobile systems with supervisory control [9—11]. However, complex
structure of the matrix surface with spatially distributed sensing elements (pixels)
leads to instrumental errors, which have a significant impact on the measurement
result in the robot orientation system.

Pixels can be characterized by individual optical, geometric and electrical char-
acteristics, their own noise levels [12—15]. The heterogeneity of the characteristics
of individual pixels of the matrix leads to the variation of its absolute sensitivity
across the field, creates a deterministic spatial structure of the surface, which affects
the ideal image and misrepresents it. This type of distortion is called spatial or geo-
metric noise, which is typical for all multi-element photodetectors, regardless of the
manufacturing technology and architecture of devices, and is absolutely absent in
systems based on single-element receivers [16—19].

Distortions created by spatial noise are an important source of distance measure-
ment errors, as well as errors in detecting objects when moving and orientation in
mobile robot’s space. Therefore, the measurement of optical parameters’ spreading
on the surface structure of the matrix, affecting the distribution of its sensitivity and
the value of the electrical signal, considered to be appropriate for its further account-
ing and compensation in the development of video cameras for mobile robot’s vision
systems.

2 Principles of Signal and Noise Generation in Optical
Sensors Based on Matrix Structures

The image read from the camera contains geometric noise due to limitations asso-
ciated with physical processes occurring in multi-element photodetectors. Since the
technological possibilities of reducing intrinsic noise and spread of pixel parameters
of multi-element receivers are limited [18, 20, 21]. Therefore, detection conditions
can be improved by enlarging the signal/noise ratio by increasing the size of the
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matrix photocells and the reading circuit’s operating voltages [22-24], as well as
the implementation of algorithms for automatic correction of inhomogeneity of the
images read by software [25-27].

When implementing high-precision devices and systems, additive and multiplica-
tive components of geometric noise are considered, which, being determined by
noise, are amenable to algorithmic correction at the stage of digital signal processing
[25-27]. The additive noise is being caused by the unevenness of the average density
of dark accumulation currents in the crystal and appears itself as a standard deviation
of the number of “thermal” charges in various storage cells of the matrix from the
average value of the crystal. The multiplicative component of the spatial noise is due
to the uneven sensitivity within the active area of the matrix, and appears itself as
the dispersion of the fluctuations in the number of charges formed in pixels under
the action of background radiation, and the number of signal charges accumulated
in the cells of the matrix.

These days the simplest and the most effective is the hardware [7, 24, 28], and
software linear correction of unevenness of sensitivity on the basis of signal con-
version from each receiving element according to the linear law with individually
selected coefficients loaded into the processor memory after starting the calibration
program [27, 29].

Normally, it is not possible to fully compensate for the influence of spatial noise
by this method. There can be several reasons for that: irradiation’s of the photo-
sensitive area of the receiver heterogenety due to the imperfection of the source of
the background radiation, change of the values of the receiver’s parameters for the
time elapsed since the last calibration and the main reason, the deviation of actual
receivers from the linear model [28, 30, 31].

If at the design stage of the video sensor, the distribution of technological param-
eters of optical systems as a part of individual pixels of a specific matrix is known,
it will be possible to obtain a sensitivity distribution over the sensor’s working area,
simplify the algorithm for correcting geometric distortions, improve the video sensor
calibration scheme, and reduce the load on the digital processor.

Consider the relations of the pixel output signal with its optical properties. The
value of the signal charge taken from a single pixel can be described by the following
expression [12, 22]:

q=1iAuT:/e, (D)

where A, —element’s area, 7T.—charge accumulation time, e—electron’s charge;
i—photocurrent at the output of matrix’s sensor element, which can be determined
by the following expression:
;e o, enBh
he hc

T (g, n)® ()



174 A.Y. Lobanova et al.

where n—photodetector’s quantum efficiency; p—the coefficient of separation of
pairs of charge carriers; h—Planck’s constant; c—the speed of light in a vacuum; A—
wavelength of radiation; e—angle of incidence at the interface between the media;
n—refractive index; T—the energy transmittance coefficient of the boundaries of
the media, which describes the ratio between the energy of the incident ® and the
passing ®” waves.

If the radiation at the input of the optical receiver is polarized, the polarization
sensitivity of the isotropic photodetector occurs for inclined beams. In this case,
the media section boundary transmittance is described by the following expression
[32-34]:

’
Ny COS § 2 .5 2 .5
W(ts Cos” o, + 1, sin a,-n) = Ty cos” a;, + T}, sin” ay, 3)
ny N

where ¢”—refraction angle, n; and n, refractive indices of optical media, T and T,
are energy transmittance coefficients for radiation that is polarized perpendicularly
and parallel to the plane radiation’s incidence, «;,—incident radiation’s azimuth of
polarization, ¢, and t,—amplitude transmission coefficients for mutually orthogonal
radiation components.

The main parameter of the optical receiver is the effective polarization sensitivity
AS, which is determined as the difference between the p—and s—components [32]:

nepa

AS(h, &) = S,(h, &) — Ss(h, &) = —C[T,,(e, n) — Ty(e, m)]. 4)

This formula relates the sensitivity of the photodetector to the transmittance or
refractive indices of the optical media forming it.

Thus, in order to research the distribution of sensitivity on the sensor site, it is

necessary to know the distribution of refractive indices of the media through which

the radiation passes.

3 Materials and Methods of Research

The variation of refractive indices on the surface of an isotropic matrix photodetector
was studied by measurements of polarization-optical parameters at various points
of the matrix performed on an ellipsometer. The generalized ellipsometry scheme
is based on the functional relationship between the selective values of refractive
indices of a multilayer system and ellipsometric angles that characterize its reflective
properties [35, 36].

The quantitative measure of the change in the state of polarization of the radiation
at the sample output is ellipsometric angles that characterize the relative reflectance
of the system and are determined as [35]:
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where rp, rs—amplitude reflection coefficients for the complex components of the
amplitude of the reflected wave, polarized in the plane of its incidence on the reflecting
boundary of the media (p), and perpendicular to the plane of incidence (s). These
values are functions of the optical constants of the reflecting system, the thickness
of plane-parallel layers on the reflecting surfaces, as well as the angle of incidence
and wavelength of radiation.

The method used is based on the zero method, which consists in establishing
a connection between the ellipsometric angles and the orientation of the elements
of the optical scheme of the device, which corresponds to the minimum intensity
(attenuation) of radiation at its output.

The theoretical basis of the experimental method are the relations that relate
ellipsometric angles {9, Ag and {r;, Aj,characterizing the system to the angles, and
that describe the state of polarization of the incident and reflected waves, respectively.
These relations have the following form [35-37]:

A=A —Ay=>ANg=A1 — A,
tgW = tgWy/tgV| = tg¥y = tgW - tg\;. 6)

In order to determine the generalized refractive indices of the structural elements
of the matrix, itis necessary to solve the inverse problem of ellipsometry, for which the
ellipsometric angles W and A, measured at different angles of incidence of radiation
on the sample are taken as initial data. Figure 1 shows the main stages of solving the
inverse ellipsometry problem.

The algorithm used for solving the inverse problem for the model of a multilayer
reflecting system consistently produces an iterative procedure for finding the refrac-
tive indices of non-absorbing isotropic layers at a given search range and calculating
their thicknesses based on the measurement information [34, 35]. The first stage of

Repeated measurements

I
A P C =)

(i- mumber of measuring zone) * \

n_
1gWe =r,/r, nd

Model of the reflecting r/r /

surface
T

Rectification of the model

Fig. 1 Main stages of solving the inverse ellipsometry problem



176 A.Y. Lobanova et al.

the presented algorithm is the measurement of ellipsometric angles W and A, using
an ellipsometer. At the second stage, the formation of a mathematical model of the
reflecting surface is carried out.

To solve the inverse problem of ellipsometry, numerical nonlinear methods are
used. They are based on the repeated solution of the direct problem with the selected
according to some rules specifying the system parameters and the comparison of the
calculated values W and A, with the experimental ones. This procedure continues
until the difference between the calculated and experimental values of W and A is
less than a given value. In order to clarify the model, repeated measurements are
carried out under different conditions that do not affect the studied values. The final
stage of the calculation is the determination of surface parameters on the measured
values W and A, at one or several angles of incidence of the radiation.

3.1 Mathematical Model

Various methods of forming a model of the reflecting structure are known, which
differ in the way of mathematical description of the interaction of polarized radiation
with matter. Traditionally formulas of Scandone-Ballerini for generalized Fresnel
coefficients are used [34, 35, 38, 39].

For multilayer coatings containing j layers, recurrence relations are used. Each
next layer is expressed through the previous one. Generalized Fresnel coefficients
R,(j,0) and R,(j, 0) acquire a general expression [32, 35]:

2i8;

rit1,j + Rj—10e”
J+1.J J T (7)

Rio=
Js _
L+rj41jRj-10€

where 7 j—Fresnel coefficients for the boundary «j+1st media and j media» ,
R;j_1,0—generalized Fresnel coefficients describing the whole system below the j —
1 boundary; 6 ;—phase thickness of the j-th layer:

8; =2m/An;d; cos ¢, (8)

where 1, d;, ¢ j—refractive index, geometric thickness and refractive angle for the
Jj-th layer.

Description of the multilayer structure of an element by recurrent formulas intro-
duced by Abel are less common in the area of ellipsometry. The refractive indices
of media are included in the expressions for the reflection coefficients of media
through admittances. According to the definition, the admittance is the surface high-
frequency conductivity—the ratio of the tangential components of the magnetic and
electric vectors. In this representation for a multilayer system the following expres-
sion for reflection coefficients, which is valid for p-and s-components are used [35]:



Solid-State Optical Radiation Matrix Receivers in Robots’ ... 177
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Here the sign “~"" is taken for the p-component, the sign “+”—for the s-component;
Y ;—generalized admittances are calculated by formulae:

ijl + ujitchj

- . (10)
uj+ lethj

szuj

Values u;, and uj, are surface admittances for the j-th media. They can be
expressed as:
nj

Ujp=——;Ujs =N;jCOSE; (11
ip COSE}/ J J s

where nj—refractive index of the j-th media; & j—is the refractive angle in this media.

Despite the apparent difference in the formulae of Scandone-Ballerini and Abele,
both methods give the same numerical results as a consequence of the application
of Maxwell’s equations to consider reflection of light [35, 39, 40]. The advantage of
this Abele’s method is that the reflection coefficients depend on the characteristics
of the layer itself, while in Scandone and Ballerini’s method they also depend on
the characteristics of the previous layer [36]. That is, generalized admittances are
an absolute characteristic of the reflecting system, regardless of the environment in
which it is located.

Therefore, for to solve the inverse problem of ellipsometry for the calculation
of the generalized refractive index of the medium, a model of the pixel optical sys-
tem based on Abele admittances was chosen, a solution algorithm and a calculation
program in C++ were formed. For non-absorbing layers of matrices on a silicon sub-
strate, the program adopted the following optical constants for a working wavelength
of laser radiation of 0.623 microns: ng; = 3.865 and kg; = 0.023.

3.2 Experiment

Experimental measurements were carried out on two samples of CMOS-matrices
manufactured by OmniVision Tech., which are used as part of the video sensors: color
sensor, matrix OV5620 (Color CMOS QSXGA (5.17 MPixel)); monochrome sensor,
matrix OV9121 (B&W CMOS SXGA (1.3 MPixel)). Since a pixel is conceived as
it is shown on Fig. 2. The first layer is microlens, the second is a light filter (the
monochrome sensor does not have these layers), the third is a transparent electrode
made of polycrystalline silicon or an alloy of indium and tin oxide, the fourth is
silicon oxide.
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Fig. 2 Color sensor’s pixel
structure

Fig. 3 The arrangement of anisotropic polarization elements in the scheme of an ellipsometer

Ellipsometric angles measured by a four-zone method using an ellipsometer are
taken as input data for the solution of the inverse problem. The ellipsometer is built
according to the zero scheme PCSA, which is also shown in Fig. 3

The implementation of the zero optical measurement method consists in achieving
the minimum intensity of the light beam at the output of the analyzer A, by alternating
turns of the polarizer P and the analyzer A. The angular position of the compensator
C is fixed so that its fast axis is at angles of +45° and —45° to the plane of incidence
of the beam of light on the sample S.

This provides the highest accuracy of the method and gives the simplification
of the procedure of calculation of values of ellipsometric angles W and A at the
final stage of measurement [35, 37]. For each operating position of the compensator,
two measuring situations are formed, which correspond to certain positions of the
polarizer and the analyzer, ensuring complete suppression of radiation at the output of
the optical scheme of the device. The calculations are performed in the approximation
of an isotropic medium based on the results of measurements in four measuring zones.
Each measuring zone corresponds to a certain formula for calculating ellipsometric
angles W and A:
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—_ g ., _ T .
V=V, A= -2y, > + 2wl for zone 1;
T
U, = \Iff), Ay = —27/}(,2) + > + 2ml for zone 2;
_g® 5,3 .
W3 =W," Az =2y, +2+2nl for zone 3;

b4
U, = \115‘4), Ay = 2)/;,1) -3 + 27l for zone 4;

y,§i> = P; — P, further values of polarization angle ¥ get counted according to

the expressions \IJX) =]A; —(Ag—90°)|.1=0,1,2 ..., — [ gets selected in a way
that 0 < A < 360°. Ay, Py and Cyp—adjusting settings. They are known from the
passport of ellipsometer: Ag = 180°, Py = 90°, Cy = 81°54’.

It is known that the depth of the minimum intensity of the light beam at the output
of the ellipsometer in the quenching situation depends on the quality of the surface
and the degree of its structure. The higher the surface quality and the less structured
it is, the greater the depth has a minimum [35, 37, 40].

One of the main features taken into consideration when choosing an angle of
incidence of radiation is neighborhood of the Brewster angle. In this area, there is
an increased sensitivity of ellipsometric angles to changes in the state of the surface.
In the case of homogeneous isotropic non-absorbent substrate without the film, the
angular dependence W and A on the corner of Brewster are well-known features:
the spearhead for {r and a step height of 180° for A [35, 40]. Therefore, in order
to illustrate the state of the surface for each sample, reflective characteristics were
obtained at different points of the surface based on multi-angle measurements of
ellipsometric angles. The angles of incidence were set from 45° to 60° every 5°.

Defining the term “measuring situation” by the totality of the provisions of the
extinction of the analyzer and polarizer for each measurement zone on a single
sample for a single angle of incidence in this case there were investigated 32 situation
measuring.

In the analysis of the measured values, the systematic errors of the device and
random errors of the measuring experiment were taken into account. The instrumental
error of the ellipsometer is 30° s. To assess the reproducibility of measurements for
each angle of incidence, tenfold measurements were carried out for each measuring
zone. Then the average error for each angle of incidence was calculated, which
depends on the operator’s work, the properties of the system itself, the angle of
incidence, the accuracy of the device:
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where i = 1, 2 ... 10; t —Student’s coefficient; N—number of pairs of measured
values; § A and 6 W—standard deviation of ellipsometric angles.

3.3 Results of the Research and Analysis

Monochrome sample. Multi-angle measurements took place and relations between
ellipsometric angles and angle of incidence were obtained (Fig. 4).

The Brewster angle was found at which the beam of light is extinguished at any
position of the polarizer. In this case, the ellipsometric angle A is zero. By reducing
the step when specifying an angle of incidence of the radiation in the vicinity of the
Brewster angle was determined to be the value of 56°45’. The shape characteristics
are close to a homogeneous isotropic non-absorbing substrate, indicating a relatively
uniform surface structure at the point of incidence of the beam.

The errors of multi-angle measurements for ten series of measurements for each
angle of incidence were determined. For one of the surface points, the results are
shown in Table 1.

25
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2 4, < 80
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5 40
20
0 0
40 45 S0 55 60 65 45 50 55 60 65
Angle of incidence, deg Angle of incidence, deg

Fig. 4 Relations between ellipsometric angles and angle of incidence

Table 1 Measurement’s results for monochrome sample

Angles, | 45° 50° 55° 60°

degree Average | Standard| Average | Standard| Average | Standard| Average | Standard
devia- devia- devia- devia-
tion tion tion tion

A 181.013 | 0.458 178.440 | 1.226 180.44 | 2.837 181.762 | 2.111

v 20.156 | 0.305 12.163 | 0.522 3.997 | 0.405 4.275 | 0.302
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Further for to evaluate the homogeneity of polarization-optical parameters ellip-
sometric measurements were made at four points of monochrome matrix. Ellipso-
metric angles for 2 angles of incidence (60° and 70°) were measured at 4 points of
matrix. Example of angles of polarizer and analyzer measured and counted based on
3 measurements (out of 10) are shown in Table 2:

Ellipsometric angles, errors of their measurements and averaged for two angles of
incidence overall index of refraction for reflecting the structure of the pixels in each
of the four points of the matrix were measured. The results are shown in Table 3.

The variation of the generalized refractive index and ellipsometric angle {r, cor-
responding to the ratio of the mutual orthogonal components of the amplitude of the
reflected radiation, over the site of the matrix was calculated. Variation of an A angle
is difficult to estimate due to sharp phase changes in the vicinity of the Brewster
angle. The results are presented in Table 4.

Thus, the maximum variation of the refractive index for a sample of a monochrome
sensor was 3.8%.

Color sample. Multi-angle measurements were carried out and relations of ellip-
sometric angles ¥ and A on the angle of incidence of radiation were obtained (Fig. 5)
for color CMOS sensor OV5620.

Brewster angle for the structure of the color sensor was not detected, as complete
damping could not be achieved due to multiple re-reflection of the beam from the
multilayer surface structure. The ellipsometric angle A did not approach zero in any
measurement situation. This is an indicator of the complex heterogeneous structure
of the optical system of pixels forming the matrix of the color sensor. At angles of
incidence close to the angle of pseudo-Bruwster, the quenching area is very wide, so
the error in determining ellipsometric angles at angles of incidence 55° and 60° is
much higher than at 45°. The results are presented in Table 5.

Then ellipsometric measurements were carried out for to assess the relative homo-
geneity of the polarization-optical parameters at four points of the monochrome
matrix. The ellipsometric angles measured for two incidence angles of radiation at
four points of the matrix with the angle of incidence of 45°, which provided the
best conditions for suppressing the radiation output of the analyzer. As an example,
Table 6 shows the polarizer and analyzer orientation angles based on the results of
three series of measurements (out of ten) for one of the points of the color sample
surface.

Ellipsometric angles, errors of their measurements and averaged overall index of
refraction for reflecting structure of the pixels in each of the four points of the matrix
were measured. The results are shown in Table 7.

The generalized refractive index’s and ellipsometric angles variations are shown
in Table 8.

Maximum variation of refractive index for color sample calculated is 2.2%.

Thus, during the experiment, samples of CMOS sensors, which can be used as
sensitive elements of the orientation system of a mobile robot, were investigated.
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Table 3 Analysis of monochrome sample’s surface heterogeneity

A.Y. Lobanova et al.

No. Angle of incidence A v SA s¥ n

1 60° 7.844 5.069 1.776 0.223 1.398
‘ 70° 350.661 22.337 0.267 0.219

2 ‘ 60° 180.238 4.147 1.235 0.288 1.391
‘ 70° 348.522 21.138 0.228 0.286

3 ‘ 60° 9.400 4.921 0.516 0.249 1.446
‘ 70° 347.791 22.048 0.427 0.263

4 ‘ 60° 6.922 5.2458 0.575 0.142 1.426
‘ 70° 349.922 22.022 0.234 0.282

Table 4 Variation of polarization-optical parameters for monochrome sample

No. of an area 1-2 1-3 14 2-3 2-4 34
Ay 60, deg 0.922 0.148 0.174 0.774 1.095 0.325
Ay 60, % 18.2 29 34 15.7 20.8 6.2
Ay 70, deg 1.199 0.289 0.315 091 0.88 0.03
Ay 70, % 54 1.3 1.4 4.1 4.0 0.1
Ay, %o 0.5 3.4 2.0 3.8 25 1.3
36 90
M B3
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Fig. 5 Relations of ellipsometric angles W and A on the angle of incidence of radiation
Table 5 Measurement’s results for color sample
Angles | 45° 50° 55° 60°
Average | Standard| Average | Standard| Average | Standard| Average | Standard
devia- devia- devia- devia-
tion tion tion tion
A 78.056 | 0.436 66.967 | 0.325 56.250 | 0.669 43.300 | 0.775
v 24.622 | 0.170 27.844 | 0.284 31.267 | 0.539 34.041 | 0.642
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Table 6 Experimental data for the color sample by points at 45°

185

No. | 1zone 2 zone 3 zone 4 zone
C=1269 C=369
P A P A P A P A

1 92.167 | 113.633 | 182.167 | 65.433 | 86.833 | 63.15 176.833 | 111.567
94.233 | 115.633 | 184.233 | 65.633 | 85.1 61.8 175.1 111.7
92.85 114.5 182.85 65.833 | 85.333 | 61.6 175.333 | 112.917

2 94917 | 115.6 184917 | 64.167 | 86.417 | 61.167 | 176.417 | 1129
94.033 | 113.75 184.033 | 64.533 | 85.683 | 62.933 | 175.683 | 112.417
92 115.883 | 182 63.867 | 85.517 | 62.55 175.517 | 112.667

3 93.5 116.05 183.5 63.983 | 81917 | 61.5 171917 | 113
92.2 114.6 182.2 64 84.45 62.083 | 174.45 113
92.867 | 112.167 | 182.867 | 62.4 82.167 | 64.45 172.167 | 113.6

4 96.167 | 113.633 | 186.167 | 65.867 | 82.383 | 63.65 172.383 | 112.833
92.283 | 114.467 | 182.283 | 64.25 83.167 | 64333 | 173.167 | 113.767
95.6 114.6 185.6 64.633 | 82.667 | 64.433 | 172.667 | 113.333

Table 7 Analysis of color sample’s surface heterogeneity at 45°

No. A v SA W n

1 82.672 24.7083 0.288 0.219 1.546

2 82.222 25.333 0.321 0.222 1.539

3 79.989 25.333 0.314 0.389 1.551

4 78.056 24.622 0.436 0.170 1.573

Table 8 Variation of polarization-optical parameters for color sample

No. of areas 1-2 1-3 1-4 2-3 2-4 34

Ay, deg 0.625 0.625 0.086 0 0.711 0.711

Ay, % 2.5 2.5 0.3 0 2.9 29

Ap, deg 0.45 2.683 4.616 2.233 4.166 1.933

An, % 0.5 33 59 2.8 53 2.5

Ay, % 0.5 0.3 1.7 0.8 2.2 14

4 Conclusion

The algorithm has been developed for calculating the variation of optical parameters
of the surface of a matrix video sensor. The variations of ellipsometric angles and
generalized refractive indices for the surface of two matrix receivers was calculated.
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For the monochrome sensor matrix, the reflective characteristics correspond to a
homogeneous isotropic non-absorbing structure. However, the maximum variation
of polarization-optical parameters was revealed: 20.8% for the ellipsometric angle
W in the Brewster angle region and 5.4% outside it; the spread for the generalized
refractive index of the surface structure of the matrix was 3.8%. This indicates a
significant surface heterogeneity that must be taken into account when analyzing the
geometric noise of the matrix.

For the color sensor, the interband dispersion of ellipsometric angles was observed
in the vicinity of the Brewster angle, which belongs to the interval of incidence angles
from 55° to 60°. This is due to the heterogeneity of ultrathin films forming the surface
structure of the matrix. In this case, an important role is played by the heterogeneity
of the surface within the light spot. It is confirmed that the most significant growth
of interband dispersion in the neighborhood of the Brewster angle is observed for
the angle A, which has much higher sensitivity for changes in the surface state in
this neighborhood compared to the angle W [35].

The smallest statistical error for the inhomogeneous surface of the color sensor
is obtained at a minimum angle of incidence of 45°, which can be obtained on an
ellipsometer. For the specified angle of incidence, the variation of polarization-optical
properties for the surface of the color sensor matrix was revealed. The maximum
variation counted are 2.9% for the ellipsometric angle W (the main azimuth of the
polarization ellipse reflected by the radiation surface); 5.9% for the ellipsometric
angle A (the relative phase difference between the mutually orthogonal components
of thereflected light); 1.7% for the generalized refractive index of the surface structure
of the matrix.

Thus, despite the more complex and heterogeneous structure of the color optical
system of pixels in comparison with the monochrome matrix, the color sensor has a
more uniform distribution of the refractive index on the working surface.

In high-precision devices, where the accuracy of the refractive index is important
up to the fourth decimal point, the revealed surface variation of refractive indices and
the sensor sensitivity can lead to significant errors in the processing of information
with the mobile robot control system.
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Peculiarities of Reducing the Impact )
of Air Tract on the Accuracy L
of Positioning Elements of Robotics

at Analysis of a Diffraction Pattern of Air

Tract Dispersion on a Photo Matrix Field

Ivan S. Nekrylov, Alexander N. Timofeev, Igor A. Konyakhin,
Valery V. Korotaev and Tong Minh Hoa

Abstract The article deals with theoretical aspects of CMOS sensor cross-links
effect as a main drawback of the dispersion method implementation with CMOS
video camera and RGB optical radiation source. The paper is concerned with usage
of diffraction grating to solve the problem of images overlapping on CMOS sensor
with Bayer pattern. It is shown that the diffraction distribution allows to determine
the energy centers of different images of the same RGB optical radiation source
independently at the same time without overlapping. The text gives mathematical
description of how diffraction image is formed and how to use it in dispersion method.
The article is of interest to people who deals with optical radiation propagation
through the air tract with vertical temperature gradient.

Keywords Temperature gradient + Dispersion method - Spatial position control -
Positioning of robotics elements - Optical-electronic system + Diffraction pattern -
Bayer pattern + Overlapping of images

1 Introduction

For positioning elements of robotic systems, more and more often means of auto-
mated non-contact monitoring of the spatial position of objects are used. One of such
means, realizing the optical contactless method, is an optical-electronic system with
active reference marks. Such a system generally contains a video camera, a reference
mark and an information processing unit. The reference mark is located on the con-
trolled object, the video camera registers a series of images of the reference mark,
transfers them to the processing unit, where its coordinates in the space of objects
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are calculated. Such a system is compact, requires a minimum of constructive inter-
vention, has a large range of motion control and provides high positioning accuracy
[1-3]. However, when controlled objects of robotic systems work in conditions of
high temperature gradients of the air tract, for example, machine parts in steelmak-
ing, the problem of considering the influence of temperature gradient on the error in
determining the coordinates of the reference mark and, as a result, the positioning
accuracy of the object being monitored arises [4]. Even at small control distances,
the error in determining the coordinates of the reference mark can reach 20-30%
with temperature gradients inherent in production.

In a few applications, this error is unacceptable, so the task is to minimize the
influence of the temperature gradient of the air tract on the operation of the optical-
electronic system for monitoring the spatial position of objects with active reference
marks. The dispersion method for determining the vertical temperature gradient of
the air tract using an active reference mark in the form of an RGB LED and a
video camera with a color matrix photodetector is known. This method consists in
estimating the linear difference of the energy centers of the images from the blue and
red spectral component of the reference mark. The implementation of the dispersion
method with the geometric course of the rays does not introduce constructive changes
to the original system and requires only programmatic refinement [5]. However,
the well-known implementation of the dispersion method, based on the geometric
course of the rays, has a significant drawback—the presence of an error of cross-
links between the elements of the matrix photodetector. This error arises because
the images of different spectral components from the reference mark overlap in the
plane of the photodetector, introducing an error in the determination of the energy
center coordinates of each of the images.

To solve this problem, the authors propose to analyze the diffraction image of
the reference mark, obtained by setting the diffraction grating in the plane of the
entrance pupil of the lens of the video camera. In the diffraction pattern, the images
of different spectral components of the reference mark will be separated so much that
they will not overlap each other. Knowing the parameters of the diffraction grating, its
location, the parameters of the lens and the source of optical radiation, it is possible to
estimate the discrepancy between the energy centers of the images in the geometric
course of the rays in the absence of cross links error between the elements of the
matrix photodetector. The use of a diffraction grating made it possible to spread the
images of the reference mark in the plane of the matrix photodetector to values equal
and exceeding the size of the image of the reference mark, which makes it possible
to analyze images in different physical areas of the matrix photodetector. Thus, the
error of the influence of cross-links is eliminated.
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2 Theory

Dispersion method. Figure 1 shows the geometric representation of the optical
radiation passage through the air tract, considering the vertical temperature gradient
along the path [6].

The vertical arrows in the diagram indicate the direction of the temperature gra-
dient V,T.

The dependence of the refractive index on the wavelength of the incident light is
determined as:

3-B 5-C
n=1+A+T+T

) (D
where A = 2876,04 x 1077, B = 16,288 x 1077, C = 0136 x 10~"—dispersion
coefficients for the dry air including 0.03% of carbon dioxide [7].

Formula (1) shows that the refractive index decreases with temperature decreasing
and wavelength increasing. Consequently, the radiation will change direction at an
angle of do; at each point of the air tract, that leads to a linear displacement in a

plane dy; and the radiation direction will be shifted to a value of y, at the receiver
plane [8, 9]:

X7

Ay :/%-v},ndx )
n-Ccos-v
0

where n—refractive index of air to emit a given wavelength, v—the angle between
base direction and the tangent line to the radiation direction at the observation point,
x;—abscissa of the beam exit point in the surface layer of the atmosphere, x—the
abscissa of the point of observation.

The dependence of the refractive index vertical gradient of an air tract on the
atmospheric parameters will generally take the form [10]:

N Rising air flows

RGB optical
radiation nsource

Y

Ya
e _
Ay

W

)))) | Plane of analyss

L

Fig. 1 Explanation of the radiation propagation through the atmosphere. L measurement distance,
V, T—vertical temperature gradient, where V—nabla operator
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n—1 n—1 n—1
Vyn = — T -V, T + -V, P —O.ISST -V, P, 3)

where V, T, V, P, V, P, vertical gradient of temperature, pressure and partial pres-
sure of water vapor.

Substituting (2) into (3) and neglecting components V, P and V, P, because of
their smallness, we obtain the formula [11]:

X7

—1
yx=—/—n -V, T - xdx 4)
n-T-coslv °
0

Assume that the radiation beam propagates in a single “refraction unit” [10]. Then
from Formula (4) we have:

nol g (5)
T J 2

Y=

In optoelectronic systems of the spatial position of objects control such displace-
ment Ay will be made for changing the position of the reference mark, whereas
in fact the displacement caused by the beam “deviation” from the base direction.
Determination of the vertical temperature gradient using the radiation of one wave-
length is difficult, because it is necessary to exact the same horizontal position of the
radiation source and the receiver. It is proposed to use double-wavelength dispersion
measuring method to determine V, 7. This method implies to measure the shift y;,
at the wavelength \; and the shift y,, at the wavelength \,. Due to the phenomenon
of dispersion, the displacements y,, and y,, will differ by a certain amount of H.
Then the difference of displacements gives an opportunity to express the value of
v, T [7].

2(ys, —yn)T  2H-T
L2 (ny—n)) L (np—ny)

V,T = (6)

Analysis of the position of the image on the photodetector arrays can be carried
out in the following equivalent scheme (Fig. 2):

Determination of image coordinates is performed by the algorithm of finding the
energy center [12, 13]. For the operation of this algorithm requires that the linear
dimensions of the source image were at least 4-5 pixel size [12]. In this case, the
calculation of the coordinates of the image energy center X,gc and Y,gc can be
produced by the Formula (7) for the blue region of the spectrum:

Y= o [QiGi)x]
I=0 Y Qi)
M

Xpee =2
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EC
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Fig. 2 Target image at the color sensor with Bayer filter (a—blue, b—red)

Y=y i (i)
J=0 = 0iw)
N

Yppc =2 (7
where x;, y,—the coordinates of the elements included in the neighborhood of M
x N; M, N—the value of the neighborhood that contains an image of the object;
Q;—sum signal from elements with the j-th row belonging to the neighborhood of
M, N.

The image energy center determination has a similar appearance for the red spec-
trum region, considering that each sensor with a red filter will be shifted from a blue
element according to values A,, and A,, horizontally and vertically:

j=M Y5 10 (xi)xi]
J=0 =V 0;(x)
XrEC =2 M . + Arx
Zj:(l;/ S 10 il
Jj= S0
Yiec =12 . + Ary 3

N

It should be considered that the shifts y,, and y,, detecting on matrix will be
associated with a linear shift in the object space, according to the geometrical optical
laws:

~
<
=

y=2 =20y

y, == =2 L ©)
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where p—the size of one pixel; L—measurements distance; f—focal length of the
receiver optical part; N; and N—vertical counting of pixels for shifts y; andy; .

The image energy center coordinates determination error does not exceed 0.05
from the pixel size for each of the multispectral channels that have been experimen-
tally validated in the experiment research conducted in [9].

Despite the simplicity of the implementation of the dispersion method based on the
RGB LED and video camera with a color matrix photoreceiver, this implementation
has a significant drawback. The linear difference between the RGB images of the
LED in the blue and red channels of the matrix at small temperature gradients (up to
1 °C/m) turns out to be so small that the images overlap each other [14, 15]. When
overlaying images, cross-links between channels occur when the red image lights up
the blue pixels and vice versa. As a result of the presence of cross-links, an additional
error occurs in determining the energy center of the images. As shownin [16] in some
cases, the error in determining the vertical temperature gradient, due to the influence
of cross-links, can reach 100%.

To increase the linear difference between the images, it is advisable to increase
the focal length of the lens of the optical system, which entails an increase in cost,
size and mass of the system.

Diffraction pattern. The authors of this article propose to use the phenomenon
of diffraction of optical radiation for independent analysis of images in the blue and
red channel of the CMOS sensor. When placing the diffraction grating in front of the
receiving part of the system of the matrix photodetector, a diffraction pattern will be
observed for each of the spectral components of the two-color radiation source [17,
18]. In this case, you can calculate the difference between the centers of the images
not by the central maxima as shown in Fig. 1, but by the m and —m maxima of the
order, respectively, since the difference between them will be significantly larger.

Figure 3a shows the path of the rays in the system for determining the vertical
gradient of the airway temperature by the dispersion method without a diffraction
grating and with a diffraction grating in the entrance pupil of the objective (Fig. 3b).

a) S; 5; b) 0 a

Fig. 3 Decomposition of optical radiation passing through a diffraction grating
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Fig. 4 Spatial distribution of H
the intensities 1/—1 and 0/0 11
orders of the diffraction 1 |
pattern maxima H 0/0
—— e

Yac YpB

Figure 3b shows only the rays that form the maximum —m order for the red
spectral component and the maximum m order for the blue spectral component. The
rays forming the central maxima do not deviate when they hit the diffraction grating,
respectively, their course will coincide with the rays shown in Fig. 3a. Due to the
large energy losses in high-order side maxima, we limit ourselves to considering the
side maxima m = [ and m = —1. Based on this, an intensity distribution will be
observed in the analysis plane (Fig. 3).

In Fig. 4 H,,_—the difference between the coordinates of the maxima of the
red and blue spectral component 1 and —1 of the order, respectively; H_o—the
difference between the coordinates of the central maxima.

As can be seen, Hy,_; significantly exceeds the value of H(_g. The diffraction
pattern in Fig. 3 is presented for a diffraction grating having 50 hatch/mm, radiation
with a wavelength of 480 nm, incident at an angle of 25° and radiation with a
wavelength of 680 nm, incident at an angle of 10°. The difference in the coordinates
of the maxima of 1 and —1 is about two times greater than the difference between
the coordinates of the central maxima.

In order to express the value of H(_g in terms of Hy,_;, we use the well-known
formula for determining the sine of the diffraction angle for the maximum of the
m-order:

+tma
sin @ = % +sind (10)

where m = 0, 1, 2, ... is the order of the diffraction maximum, A is the wavelength
of the incident radiation, d is the period of the diffraction grating, § is the angle of
incidence of the radiation on the diffraction grating. Denote the 0-th order maximum
center coordinate for the red spectral component by the letter A, and the C maximum
for the —1st maximum. Similarly, we denote the coordinate of the 0-th order max-
imum center for the blue spectral component by the letter D, the 1-st maximum by
B. the fact that a parallel beam of rays falls on the optical system, and the analysis
plane is in the back focal plane, from the Formula (10) we find that the distance y,
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between the central maximum and the m-order maximum will be
+ma
Yojm = <%+sin6>~f’ (11)

Considering that (y4c)= —1 and m (ypg) = 1, expression (11) for the values of
yac and ypp can be written as:

_)\'r . /

Yac = (7 + sin 5K> - f (12)
—Ap ,

Yo = <T+sm80>~f (13)

where §, and §,—the angles of incidence of the optical radiation of the blue and red
spectral components on the diffraction grating, respectively. Then the value of Hy,
equivalent to the value of H in Formula (6), can be written as

Hyjo = (A — B) — (yac + yps) (14)

Considering expressions (12) and (13):
, (1 . .
Hop = Hyy-1— f '(3 “(Ae —)\K)+s1n8c+sm81<> (15)

Denote A, — A, = AA and the value é = N the number of grooves of the

diffraction grating in a unit of length. Then expression (15) can be written as:
H()/():H]/_l —f/'(N~A)\.+Si1’1(SC+Sin8[() (16)

Formula (16) is a mathematical description of the conversion of a linear difference
between 1/—1 images of the order of a diffraction pattern and simple images. By
selecting the period of the diffraction grating so that the images do not overlap, it is
possible to eliminate the CMOS sensor cross-links effect.

3 Conclusion

Using the dispersion method to determine the vertical temperature gradient is an
effective way to correct the measurement results in an optical-electronic system for
monitoring the spatial position of objects.

The paper proposes a method to eliminate the effect of cross-linking of the sensor
on the error in determining the vertical temperature gradient. The mathematical
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description of the diffraction method for the implementation of the dispersion method
is given.

With a lack of energy in the required maxima of the diffraction pattern, it is

possible to adjust the brightness of the optical radiation source of various spectral
components independently of each other.

Further studies are aimed at an experimental evaluation of the diffraction method

for implementing the dispersion method.
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Optoelectronic SEMS for Preventing )
Object Destruction e

Anton A. Nogin and Igor A. Konyakhin

Abstract Control and monitoring of supporting structures are important part of
ensuring security in the work area of robots. Late detection of deformations leads to
the destruction of the object and possible material damage. The purpose of the work
is the development SEMS for remote control of supporting structures of infrastruc-
ture objects to prevent destruction in the area of robot operation. The result is an
optoelectronic device capable to control angular and linear movements of the object
being monitored and warning of critical displacements. The proposed solution is
integrated into the overall monitoring system. The possibility of creating a single-
channel four-coordinate device capable of real-time monitoring of the position of an
object and warning of critical deformations and displacements has been proved. The
sensitivity and accuracy of the device is comparable with commercially available
two-coordinate devices. The proposed option is small in size, more compact and
can be installed at a distance of up to 5 m. Mathematical models have been devel-
oped to evaluate the effect of various measurement error on the result. Specially
designed software allows to compensate for errors within the device and expands
the metrological range of measurements with solving the problem of inoperability
in the case of overlapping image in the field of analysis through the use of Hough
Transformation. A passive reflector that does not require power supply is installed at
the monitoring point. The practical significance lies in the possibility of using SEMS
with the optical-electronic part for solving problems of monitoring and ensuring the
safety of both robots and humans.

Keywords Optoelectronic devices - Non-contact monitoring - Angular and linear
displacement - Autocollimator - SEMS for monitoring
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1 Introduction

The supporting structure is an important element of the safety of any building and
structure. However, time, the external environment, man-made factors constantly
influence the supporting structures gradually reducing their reliability. Design errors
can also cause structural wear. Any changes in the structure are associated with its
deformation and a change in its position in space. Registration of the displacement
of the supporting structure allows detecting defects in a timely manner, as well as
preventing or minimizing damage and loss of life [1-3].

As a rule, the building has several supporting structures, which requires a com-
prehensive assessment of reliability. This task can be solved by optical-electronic
SEMS, and combining them into a single network appears a comprehensive solution
to the problem of monitoring.

2 General Principles and the Possibility of Devices

To solve the problem of controlling the position of the supporting structure it is pro-
posed to use an optical-electronic autoreflection system. This system is distributed
and consists of two parts. The first part—the control element is located on the moni-
toring object. The control element is a pyromidal prism with angles of 90° at the apex.
This element is passive, does not require power at the control point. It is rigidly fixed
on the controlled object and its displacement uniquely corresponds to the displace-
ment of the supporting structure. The second part is an autoreflection unit, which is
one of the variants of the autocollimation scheme.

2.1 Control Element

The developed control element is called the pyromidal reflector. In its essence and
mathematical description, it is a combination of two two-sided mirrors, where the
axes of the mirrors are perpendicular to each other. This combination allows you to
simultaneously control 4 coordinates, namely: the movement along the axes OX and
OZ, as well as turns around these axes.

When moving such a control element along the OX’ or OZ’ axes, the image is
shifted by two times. In this case, the distance between the two marks does not
change. When the control element is rotated around the OX’ or OZ’ axes, i.e. angles
®1, ®2 also occurs moving labels, but according to a more complex law. The matrix
method is used to calculate these angles.
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Fig. 1 Control element and the image formed by it

2.2 Autoreflection Systems and Single Field Analysis

Autoreflection system is a classic optical system consisting of a lens and a receiver
of optical radiation—CMOS matrix. At the top of the last optical surface of the lens
is a radiating diode, the radiation of which is reflected from the control element. It
should be noted that the system operates in a converging beam of rays, which allows
controlling linear displacements [4, 5].

In order to minimize the size of the system, only one receiving-emitting channel
is used, and therefore the concept of a single field of analysis arises. In this field there
are simultaneously two images (Fig. 1), which has its own characteristics.

When working in a single field of analysis, there may be situations of intersec-
tion of images that currently cause inoperable system. In connection with this, it is
necessary to develop a special algorithm capable of simultaneously measuring the
coordinates of both images and functioning in a situation of intersection of images.

3 Algorithm for Processing Measurements in a Single
Analysis Field

The problem of overriding turned out to be very important not only because it led
to the device’s inoperability, but also because it limited the sensitivity of the device.
In addition, because of this problem, a situation may arise that does not detect the
initial stage of deformation of the object.

Calculation of mark movement in the analysis plane, when the control element is
turned, is the main stage of the operation of the angle measuring system. To do this,
it is necessary to recognize the mark, that is, to distinguish it from the background
and other objects in the image, and also to measure the coordinates of its center. To
solve the problem, a priori known information about the geometric form of the mark
is used. In this system, the mark has a circular shape, which makes it stable to noise
and invariant to rotation, scale, etc. A circle can be described by an equation with
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three parameters (X, y, r), where r is the radius of the circle. Thus, the primary task is
to detect geometric primitives corresponding to a given combination of parameters
[6, 7].

An algorithm based on the Hough transform was developed to solve this problem.
This algorithm allows parametrically describing the desired images and not only
detecting them in the frame, but also measuring the coordinates as their parameters
are described with their account. Using the classical equation of a circle,

@ +yh) =12 M

a sub-pixel calculation of coordinates takes place. The algorithm also applies a gra-
dient estimate for the voting procedure for the most probable center of the circle. The
application of all these methods, taking into account the various filterings, allows
one to measure the angular and linear displacements of the object with high accu-
racy, including in the situation of image intersection. Algorithm also maintains its
operation under flare and parasitic glare caused by the mirror nature of the control
element.

4 Experimental Studies

Experimental studies were conducted in the laboratory. The autoreflection unit con-
sisted of a lens with a focal length of 400 mm and an infrared emitting diode. The
working distance was 3 m. The control element was installed on moving platforms
providing accuracy of 0.1 mm displacements along the axes and 1 angular minute
for turning around the axes.

Figure 2 shows the frames obtained using the projected autoreflection unit. As can
be seen from the presented images, the algorithm successfully solves the problem
of detecting and measuring the center of coordinates both in the case of the normal
functioning of the system and in the case of intersection of images.

Fig. 2 Examples of the program window
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As can be seen from the presented frames, the algorithm can recognize and mea-
sure coordinates. For the operator, coordinates rounded to the integer are displayed
on the screen, but the capabilities of the algorithm make it possible to calculate up to 3
decimal places, that is, calculations can be called subpixel. To improve the accuracy,
it is also planned to rotate the receiving matrix and several software techniques.

With the help of the designed system, it was possible to measure linear displace-
ments in the range from 0 to 20 mm. As can be seen from Fig. 3, the dependence of
linear measurements is linear. Increasing the working distance with sufficient energy
will increase the measurement accuracy because the transfer coefficient for linear
measurements is two.

Also, measurements of angular displacements were performed in a wide range
from O to 28 angular minutes. The measurement results are presented in Fig. 4.

As can be seen from the graphs, the system successfully measures the angular
and linear coordinates with a sufficiently high accuracy.

Fig. 3 The results of . Linear measurements (0 - 20 mm)
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5 Conclusion

The achieved results confirm the theoretical possibility of using single-channel angle-
measuring autocollimator for measuring several angles at the same time, and also
for working with new types of control elements that improve the metrological char-
acteristics. The functioning of the autoreflection scheme and the developed mirror
element has been proven for measuring linear displacement. A device capable of
simultaneously controlling two linear and two angular coordinates has been devel-
oped.

The algorithm solves the problems of measuring the coordinates, when overlap-
ping expanded the metrological possibilities of using such sensors. The developed
software solves the measurement problem and recognizes images in the event of
their overlap. The accuracy of measuring the coordinates of this algorithm meets the
requirements for the accuracy of the entire device, allowing you to register displace-
ments measured in angular seconds.

Acknowledgements This work was financially supported by Government of the Russian Federa-
tion, Grant (08-08).
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Airspace Monitoring in the Event )
of a Critical Situation with the Help L
of an Active Optical-Electronic Device

as Part of a Robotic Complex

Leonid V. Smirnov and Victoria A. Ryzhova

Abstract Problem statement: The interaction of the Intelligent Electromechanical
System (SEMS) with lidars is highly relevant at this time. The symbiosis of these
areas will allow to properly monitoring potentially dangerous territories and zones
of industrial facilities. The expediency of using robotized systems is conditioned
by the ability to transmit real-time information about the state of the probing space
to the appropriate authorities for taking prompt and adequate measures. Purpose of
research: The introduction of lidar technology in the robotic meteorological complex.
For the successful implementation and identification of the weather phenomenon in
the meteorological robotic complex, it is necessary to specify the main components
of lidar sensing. Results: Paramount will be given the parameters of the atmosphere,
namely, the ultraviolet region of the optical range. After that, substances indicators
characterizing this phenomenon will be given. Then you need to set the threshold
power of the backscatter signal on the photo detector, which will allow identifying
substances with a concentration of up to ppb. Practical significance: The using of
this technology will further improve the efficiency of detection and identification
of weather phenomena in particular and in general. Information from the complex,
transmitted to special services, will allow for timely response to weather events and
minimizing their consequences.

Keywords UV - Hurricane - Atmosphere + SEMS - Backscatter power

1 Introduction

The interaction of the Intelligent Electromechanical System (SEMS) with lidars is
very relevant nowadays. The symbiosis of these systems will allow to properly mon-
itor potentially dangerous areas and zones of industrial facilities. This article will
consider the application of similar system for remote sensing of an emerging hurri-
cane, located nearby complex of engineering objects. The expediency of using robo-
tized systems is due to the ability to transmit real-time information to the appropriate
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authorities on the state of the probing space in order to take prompt and adequate
decisions.

In addition, the introduction of lidar technology in the robotic complex is innova-
tive. To successfully integrate and identify a weather phenomena in a meteorological
robotic complex, it is necessary to specify the main components of lidar sensing.

First of all you need to set the parameters of the atmosphere. After that, you need
to specify substances-indicators which are characterizing this phenomenon. Then
you need to set the threshold power of the backscatter signal on the photodetector,
which will allow identifying substances with a concentration of up to ppb.

2 Spectral Range

For the successful integration of the system in the field of sensing firstly it is neces-
sary to pay attention to the key factors in this matter. Such key factors include the
composition of the atmosphere and the distribution of the atmosphere in the opti-
cal range of the spectrum. The composition of the atmosphere directly affects the
sensing method, since some of the key methods are based on the choice of the atmo-
spheric reference component. The atmospheric transparency windows allow you to
work in the field of sensing with the least signal loss, this is necessary to achieve the
maximum response from the object under study in the selected spectral range.

Table 1 shows the main components of the Earth’s atmosphere; it can be seen
from the table that the amount of nitrogen in the atmosphere is the highest, so using
this component as a reference for some sensing methods is the best option.

M@\ = (2*h*c*2)/((M5)* (EXP(h*c/(VK*T) — 1)) (1)

where, M(\) is the luminosity at the dyne of the wave, h is the Planck constant, c is
the speed of light, k is the Boltzmann constant, T is the temperature on the Kelvin
scale, \ is the wavelength.

In order to isolate the intensity of solar radiation, we should go back to the Planck
luminosity Formula (1). According to this formula, we obtain the spectral character-
istic of the absorption of an absolutely black body, shown in Fig. 1. It is well known,
that at a temperature of 6500 K the spectral component as close as possible to the
radiation emitted by the sun [1].

Table 1 The components of

the Earth’s atmosphere Substance Percentage component (%)
Nitrogen 78.1
Oxygen 20.96
Argon 0.94
Other components 0.001
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Fig. 1 The intensity of radiation of solar illumination [1]

The study of the spectral characteristics of solar radiation suggests that the best
option for sensing is the ultraviolet optical range. In addition, solar illumination in
this area is minimal, which leads to an increase in the reflected signal from the object
of study.

Thus, the first criterion for successful integration of the system is using of the
ultraviolet optical range (UV) from 200 to 380 nm.

3 Substance Indicators

Hurricane, as a weather phenomenon, is a swirling air flow, mixed with sand, smoke
and other particles, except that in the center of the hurricane there are areas of low
pressure. Based on the information given in source [2], it follows that the vast majority
of hurricanes originate on the sea surface.

Figures 2 and 3 clearly demonstrate not only the most significant stages of the
formation of a hurricane, but also its structure. From these illustrations and the
information above, it can be concluded that a hurricane carries a large amount of sea
salt. Natural sea salt contains about 90-95% NacCl (sodium chloride) and up to 2%
of other minerals: magnesium salts, calcium salts, potassium salts, manganese salts,
phosphorus salts, iodine salts and other substances [4].
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I?IS);Z zaltl?érll]ic composition Substance Content (mg/1) Salinity (%)
Chlorides (C17) 19,385 55.03
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Table 2 shows the most significant components of sea salt, yet sodium and chlo-
rides have the greatest influence, besides increasing concentrations of other sub-
stances, such as calcium, magnesium and potassium, may allow the detection of sea
salt in the air.

Figure 4 shows the radiation intensity, in relative units, for indicator substances
in the ultraviolet region of the spectrum. As a consequence, all these substances
should be chosen as indicators, namely chlorine, sodium, magnesium, calcium and
potassium. Such a wide range of indicators will make it possible to reliably judge an
increase in the amount of sea salt in the atmosphere.

4 Features of Remote Sensing

When using a laser remote sensing sensor, it becomes possible to carry out a detailed
analysis of the objects and environmental components under study according to their
spectral characteristics [6].

Among the methods of remote laser sensing most attention is paid to the method
of Raman scattering, Fig. 5. Using the method of Raman scattering, it is possible
not only to detect a wide range of indicator substances, but also to detect ultra-low
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Fig. 5 The principle of the —— i — -_— —— virtual level
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concentrations of these substances, up to units of ppb. It is also necessary to take
into account that the differential cross section of Raman scattering is smaller than it
turns out of other methods and amounts to only (do/d€2)10-30-10-27 cm?/sr [6].

An important criterion for the process of detecting an incipient hurricane is the
differential cross section of the method of Raman scattering, which is 10-30-10-
27 cm?/sr.

5 Atmospheric Transmission

An important factor is the transmittance of the atmosphere. In view of the hetero-
geneity of atmospheric layers in different areas and at different altitudes above sea
level, this parameter should be determined in advance. No less important compo-
nent is the humidity and water content on the studied routes. For the calculation, the
Elder-Strong method is used in the temperature range from —15 to +50 °C.

Consider the case when radiation occurs at a wavelength of 1064 nm. The selected
wavelength is in the infrared region of the spectrum, which corresponds to the first
harmonic of a YAG-Nd solid-state laser.

This solid-state laser was chosen as the source of optical radiation for solving the
tasks posed for remote sensing and detection of indicator substances in open space.

The calculation of the capacity of the atmosphere by the method of Elder—Strong
[6-8] is calculated by Formula (2).

T =1fo — K - 1g(e - 1000) @)

where #( and K is a coefficient depending on the wavelength, o is the water content
in meters.

In practice, the concept of water content is used to calculate the absorption of
radiation in the atmosphere, i.e. the amount of water deposited in a single section
layer of length L:

L.f.
a):ﬂ

3
y - 100’ ©)
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umidity, waterconontand CC__[1@m)  Jo@mm |1
transmittance at different —15 1.6 6.4 92.99
temperatures —10 2.35 9.4 90.24
-5 341 13.64 87.57
0 4.86 19.44 85.03
5 6.32 25.28 83.15
10 9.41 37.64 80.30
20 17.32 69.28 75.92
30 30.38 121.52 71.90
40 51.1 204.4 68.17
50 82.8 331.2 64.71

where L is the distance in meters; f is relative humidity, in relative units; a,, is absolute
humidity; vy is specific gravity of water, g/m>.

With height, the concentration of water vapor rapidly decreases and can be cal-
culated:

a, =ao - 10~1/K, 4

where ay is the humidity at sea level; H—height, in meters; K—coefficient (K =
5000, if the height in meters).

Calculation of the atmospheric transmittance on a horizontal highway with a
length of 5000 m in the research temperature range was from —15 to 4 50 ° C. The
results of the calculation make it possible to assess the change in the atmospheric
transmittance over the entire temperature range. The obtained data of the atmospheric
transmission coefficient, the water content and the humidity of the environment are
given in Table 3. Figures 6, 7 and 8 clearly demonstrates the dependence of the

90 |
50
'.05
60 |
50|

a, r\m3

40 |
30 |

-20 -10 0 10 20 30 40 50 60

Fig. 6 Dependence of air humidity on the temperature on the horizontal route



212 L. V. Smirnov and V. A. Ryzhova

350 1
300 =
250 |

200 |

®, mm

150 |

100 =

-20 -10 0 10 20 30 40 50 60
t,°C

Fig. 7 Dependence of water content on temperature on a horizontal road
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Fig. 8 Dependence of the atmospheric transmittance on the temperature on the horizontal route

atmospheric transmittance over the entire temperature range.

Perform a calculation of the atmospheric transmission on a sloping path in the
same temperature range. The height of the slope will decrease from 5000 to 1000 m.
This will make it possible to assess the change in the atmospheric transmittance at
different heights.

The data of calculation of water content and atmospheric transmission coefficient
and atmospheric transmission of the atmosphere are presented in Table 4, and their
dependences in Figs. 9, 10.

The obtained values of the atmospheric transmission coefficient on the horizontal
and sloped paths are given in Tables 3 and 4.
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Table 4 Water values and transmittance at various temperatures
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OX = 5000 m; OY = 0X = 5000 m; OY = OX = 5000 m; OY =
5000 m 4000 m 3000 m
t(°C) ® (mm) T (%) ® (mm) T (%) ® (mm) T (%)
—15 3.06 98.28 3.08 98.21 14.20 87.28
—10 4.49 95.52 4.53 95.46 20.85 84.53
-5 6.52 92.85 6.58 92.79 30.26 81.86
9.30 90.31 9.38 90.25 43.13 79.32
12.09 88.43 12.20 88.37 56.09 77.44
10 18.00 85.58 18.16 85.52 83.52 74.59
20 33.15 81.21 33.43 81.15 153.73 70.21
30 58.13 77.18 58.64 77.12 269.65 66.19
40 97.79 73.45 98.65 73.39 453.56 62.46
50 158.45 70.00 159.84 69.93 734.94 59.01
OX = 5000 m; OY = 2000 m 0OX = 5000 m; OY = 1000 m
t(°C) o (mm) T (%) ® (mm) T (%)
—15 5.51 94.071 24.341 83.42
—10 8.08 91.32 35.751 80.67
-5 11.73 88.65 51.881 78.00
16.72 86.11 73.941 75.46
21.75 84.23 96.151 73.58
10 32.37 81.38 143.161 70.72
20 59.59 77.01 263.511 66.35
30 104.53 72.98 462.20 62.33
40 175.83 69.25 777.44 58.60
50 284.90 65.79 1259.74 55.15
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Fig. 9 Dependence of water content on temperature on an inclined route
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Fig. 10 Dependences of atmospheric transmittance on temperature on an inclined path

6 The Threshold Power

The result of this work was the calculation of the basic lidar equation for the power
of the backscatter signal (5). The calculation was carried out for three different
substances, namely for chlorine, sodium chloride and calcium chloride.

P(\, R) = PLK1ARTAOT(), R)(do/d2)NaR2 (5)
K1 =g(MEgp(N) (6)
AR = cTd2 (7)

P(\, R)—power at the wavelength recorded by the receiver; PL—laser power at
wavelength; K1—Ilidar constant (6); £(\)—spectral transmission coefficient of the
optical system; £p(\)—spectral transmittance of optical radiation receiver; AR—
distance step (7); c—speed of electromagnetic radiation in vacuum; td—ypulse dura-
tion; AO—the area of the spherical mirror of the receiving telescope; T—atmospheric
transmittance; T(\, R)—the overlap factor of the laser spot and the field of view of
the receiving optics; (do/d€2)—differential cross section of Raman scattering of the
molecules under study at the wavelength recorded by the receiver; \, R—the wave-
length of the radiation and the distance to the target; Na—concentration of molecules
of the test substance [6].

In the course of research, the calculation was carried out depending on the sensing
range, for each substance separately. For the research, a wavelength of 266 nm was
chosen, which is the fourth harmonic of the laser used (Y3AI5012 — Nd3+) and the
sensing range for each substance.

Figure 11 shows the obtained dependence of the power of the backscatter signal on
the photodetector for indicator substances depending on the sensing range. From this
dependence it ensues an obvious fact that while decreasing the distance to the sensing
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100 3.86784E—06 | 9.97579E—07 | 3.18795E—08
200 9.66961E—07 | 2.49395E—07 | 7.96986E—09
300 4.2976E—07 | 1.10842E—07 | 3.54216E—09
400 2.4174E—07 | 6.23487E—08 | 1.99247E—09
500 1.54714E—07 | 3.99032E—08 | 1.27518E—09

object, the response of the power of the backscatter signal on the photodetector is
increasing.

Table 5 shows the low threshold values of the indicators of each of the substances
necessary to automate the process, depending on the sensing range.

7 Conclusions

To integrate successfully the remote sensing system with the robotic complex, it
is necessary to take into account a number of important parameters of the remote
sensing system. The first important criterion is the reduction of the optical range to
the region from 200 to 380 nm. Then set up the system to detect indicator substances
such as chlorine, sodium, magnesium, calcium and potassium. An important criterion
for the process of detecting an incipient hurricane is the differential cross section of
the method of Raman scattering, which is 10-30-10-27 cm2/st. The atmospheric
transmittance in different temperature limits is an equally important component of
further work, the data are given in Tables 3 and 4.

The threshold power of the backscatter signal on the photodetector will allow to
properly monitor the received signal; the data are given in Table 5.
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Spatial Coordinates of an Object L
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and Tong Minh Hoa

Abstract Problem statement: Optical-electronic systems can be used to control the
elements of large objects such as radio telescope mirrors, floating docks, bridges
etc. Often, large objects have smart electromechanical systems (SEMS) to adjust
the position of their elements in space. The processing unit uses reference marks
to calculate the spatial position of the object’s elements and gives commands to the
adjustment mechanisms to set the elements at a given position. An external force may
be exerted on the measuring system and the system may rotate about an arbitrary
axis. Therefore, the spatial coordinates will be calculated with an error. Purpose of
research: Development of an algorithm to compensate for the random rotation of the
measuring system. Results: Algorithm for finding the direction of the rotation axis
and the rotation angle of the measuring system is proposed. The results of calculating
the spatial coordinates on the theoretical and experimental models were compared.
The developed algorithm in combination with the optical scheme allows to create
measuring systems with selective invariance. Practical significance: The developed
algorithm allows to increase the accuracy of measuring the spatial coordinates of
the object. The proposed optical-electronic system can be used together with such
systems as SEMS and automatic control systems.
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1 Introduction

Floating dry docks are large scale structures designed for building and maintaining
ships. Dimensions of floating dry docks (length, width, and depth) depend on the
size of ships to be docked. As sizes of modern ships tend to grow, the length of the
modern docks can exceed 200 m, while the height and width can reach 50 and 100 m
[1]. As it is a huge structure, a dry floating dock experiences heavy loads both from
its own weight and from a docked ship. This leads to uneven deformations of the
dock structure. Reliable measurement of a deflection magnitude refers to one of the
most important tasks in floating dry dock operation. Current and accurate information
about the deflection can prevent structural damage and failure by activating alarms
and on-board deflection compensation systems [2].

When the measurement of deflection is performed in outside for the inspection of
real structures, the influence of external conditions (because of temperature defor-
mation) can lead to rotate the measurement unit. In this case, the deflection of the
object cannot be measured because the effect of the measurement unit rotation is
included in the measured deflection.

For control the measurement unit rotation it is suggested to use smart electrome-
chanical systems, like High-Speed Parallel-kinematic Micropostioner with Con-
troller or Hexapods [3]. According to the design the measurement unit is positioned
on a mobile platform of the hexapod. The base platform of hexapod is placed in the
middle of a wing deck of the dock (Fig. 1).

The collimation marks 1, 2 (Fig. 2) generates the collimation optical beam and
directs it on beam-deflection system 3. The reflected beam passes through an lens 4
and it is received by the photoreceiving matrix 5, which is placed in the focal plane
of lens 4. The video-frame from photoreceiving matrix 5 is calculated by the digital
microprocessor 6 to obtain the reference mark coordinates and the rotation parameters
of the measurement unit. After that, the digital microprocessor 6 gives a signal to

Fig.1 The measuring Wing walls
systems of floating dock,
RM—reference mark,
CM—collimation mark,
MU—measurement unit

mobile platform
Hexapod

!
base platform

Pontoon deck Ballast tank




Optical-Electronic System for Measuring Spatial Coordinates ... 219

Fig. 2 Structure of the 3
deflection measuring system .
for floating dry docks: 1, = ™ o 7 =
2—source of optic radiation 1 Y 2
(reference marks and |
collimation marks), | | !
3—beam-deflection system, 4
4—lens, 5—photo receiving ‘ T,
matrix, 6—microprocessor
system s 5
6~
e s s i e e e
r(.‘omrof signal to SEMS block _:
T S R =

SEMS system to define the movement to correct the rotation of the measurement
unit.

2 The Structure of Electro-Optical Deflection Measuring
System

The deflection measurement task for floating dry docks can be resolved by an imple-
mentation of a measuring system, which is capable of measuring a spatial position
of predefined points along the wing deck of the dock. In this paper, an electro-
optical system for transverse deflection measuring system for floating dry docks is
considered (Fig. 1) [4, 5]. The system consists of a set of reference marks based
on light emitting diodes (LED) and a measurement unit containing a camera and a
beam-deflection system for two measurement channels for monitoring two opposite
directions. All elements of the measurement unit are rigidly fixed to each other. Also,
on the top deck of wing wall it is possible to install collimation marks CM1 and CM2
to measure the angular position of the measurement unit (Fig. 1).

A deflection of the floating dock causes a linear shift of the reference marks. As
the marks are projected onto the camera sensor, the images with marks are captured
and analyzed to give the shift of the marks. The developed software automatically
detects the marks images and measures their location at the camera’s sensors. The
required accuracy of transverse displacement measurement of +5 mm in the range
of =150 mm at distance of 100 m [2].

The coordinate (X;, Y;, Z;) of the reference marks (Fig. 3) in the coordinate
system XYZ can be obtained by the following formulas:

Xi —(Zi+z20)/ f' 0 0 x!
Vi | =M Ty yomxrz- 0 —(Zi+z2) /0| |
Z; 0 0 1 1

(D
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Fig. 3 Measuring system LY
without rotation of the y A
measurement unit s S"_,
% .
y SN b
S s N S
. N2
—

Reference mark 1 :
Reference mark 2

Centerof lens | 1 |

. ‘1=

Photo-receiver AN (2 !
matrix —___ y.| .'fT
/’“\‘

Py i T
(_\‘ 2 8’ ‘_‘) (y\ !'—‘i. f)

where i = 1, 2—the measuring channel number, M;—the reflection matrix of the
ith flat mirror; Ty, . — xyz—transformation matrix of coordinate system XYZ to
camera coordinate system x.y.z.; zo—the coordinates of the origin of the coordinate
system XYZ in camera coordinate system x.y.Z. on z.-axis; Z;,—the distance from
the reference mark to measurement unit in the ith measuring channel; (x/, y/)—the
image coordinate of reference mark on the photo receiving matrix in the ith measuring
channel.

According to the found coordinates of the reference marks, we can determine and
construct the profile of the dock deflection [2].

As we said before, the temperature deformation can lead to rotate the measurement
unit, this will change the parameter values M, T, , . . xyz, 2. in expression (1) and
as a result, it causes an error in determining the coordinates of the reference marks.
Thus, it is necessary to eliminate the error of the measuring system caused by the
rotation of the measurement unit.

3 The Algorithm for Rotation Parameters Estimation
of the Measurement Unit

Consider the rotation of the measurement unit in the coordinate system XYZ around
an arbitrary axis L by an angle ¢. The direction of the rotation axis is determined
in the world coordinate system XYZ by the zenith n and azimuthal y_angles (Fig. 4)
with the unit directional vector L = (lx, ly, lz), where [, = sinn-sin x,l, = cosn,
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Fig. 4 Rotation parameters:
zenith angle 1, azimuthal
angle x and rotation angle ¢

Rotation
axis

A

[, = sin n - cos x. The rotation axis L passes through the point Lo(XLO, Vi zLO).
The rotation parameter 1, X, ¢ can be estimate using collimation marks (Fig. 4).

In the coordinate system XYZ the unit normal vector of the reflecting surface 1
and 2 before the rotation of the measurement unit: N; = (sin(;r/4), 0, cos(mw/4))
and N, = (sin(xr/4), 0, —cos(rr/4)) (Fig.5).

The unit normal vectors N/, Nj of the reflecting surface 1 and 2 after the rotation
of the measurement unit can be determined by the following formula:

N/ =R-N; 2)

where i—the measuring channel number, i = 1, 2, R—rotation matrix about axis L
(6, 71:

lf~(1 — cos @) + cos ¢ Iy -ly- (I —cosg) =1 -sing Iy -I; - (1 —cosp) + 1 - sing
R=|1I,-I;-(1—cosg)+1, sing l§~(1—cos¢))+cos<p ly-I;- (1 —cosg) — I -sing (3)

12‘(1 — cos @) + cos @

~

Iy -1, - (1 —cosg) =1y -sing Iy -1, - (1 —cosg) + 1, -sing

Fig. 5 Using collimation i 2
marks for rotation p

man; ark " . =
parameters estimation of the Collimation mark | — \L] Collimation mark 2
measurement unit [—1 Y., : T
a1 "\T V4 W, | v )’:‘3
zlo|T | %
Xy 14,
A
' . .
Center of lens Iz Rotation axis

W

Photo-receiver . |0

matrix —___ A S

x¥) ()
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The unit vectors By, B, of the reflected rays from the reflecting surface 1 and 2
after rotation of the measurement unit are determined using the following formula:

B =M, A “)
where A;—are the unit vectors of the incident beams on the reflecting surface 1 and
2, M—the reflection matrix of the reflecting surface 1 and 2 after rotation of the

measurement unit [8]:

1—2n’2 —2n'.n'. —2n'.n’

xi'tyi xi'tzi
’ _ _ /2 _

M; = 2nyn; 1 —2n5 —2n,n;

12

—21’1)”]111 _annzz 1 - 2nzi

where (n',;, 1’ Vi n’,)—are three components of the unit normal vectors N; in the
coordinate system XYZ.

It should be pointed out that, in the process of rotation around any axis, the image
plane rotates along with the mirror system, and therefore should be transformed to
the camera coordinate system x| y.z.. after rotation of the measurement unit:

‘Bi = Txyz-xyz - B )

where Txyz_.,,.»—the transformation matrix of coordinate system XYZ to x..y.z,
i-ii-ji-k

TXYZ~>x vz = ,]2 - J: J j: -k (6)

K ikl -jk -k

where i, j, k; i., jo. Ke;il, j., kl—the unit vectors of coordinate systems XYZ,
XcYeZes XYLz, respectively; (i, - i) denotes scalar product of unit vectors i, and i;

1 0 0 0 0 -1
i=10)ji=(1]k=|0);ic= 0 [ije=|-1]:ke=1] 0
0 0 1 -1 0 0

The unit vectors i, j., K. in coordinate system XYZ can be obtained by the
following formula:

i =R-i
j::ch
k. =Rk

Images of the reflected beams “B; are projected on the photoreceiving matrix. The
image coordinates in the coordinate system x_y.z. depending on unknown rotation
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parameters can be determined by the following formula:

xim, x. @) =f"- tg[arcsin M} . ;f++y2
V *Bi Bi
yim .9 = f"- tg[arcsin M} . xz_ﬂz
V *Bi Bi

where (xp;, ypi)—two components of the unit vectors °B; along the x-axis and y-
axis in the coordinate system x..y’z.., f'—focal length of the lens. Thus, the rotation
parameters 1, X, ¢ of the measurement unit can be determined as a result of solv-
ing system of nonlinear equations (7) with known image coordinates x;, y; on the
photoreceiving matrix.

4 The Algorithm for Reference Mark Coordinate
Calculation with Unknown Rotation Axis Position
of the Measurement Unit

The image coordinate (x/; y/) of the reference marks on the photoreceiving matrix
in coordinate system x_y.z.. can be calculated using following formula:

X! —fJzg 0 00
/ ! M, -2. d; - N; Si
yi | = 0 —f/zs 00 | Txyzoxyz - < Ol 1 ) : ( | )
1 0 0 01
3

wherei=1,2;S; = (X s, Y S s Zgi )T—coordinate of ith reference mark in coordi-
nate system XYZ; T—symbol for matrix transpose; N;—the unit normal vectors of
the ith reflecting surface after the rotation of the measurement unit; d;—the perpen-
dicular distance from the origin coordinate system XYZ to ith reflecting surface after
rotation of the measurement unit; M;—the reflection matrix of the ith reflecting sur-
face after rotation of the measurement unit; Txy z-sx.y.z,—the transformation matrix
of coordinate system XYZ to xy,z.; f'—focal length of the lens; z5—the mirror
image coordinate of ith reference mark in coordinate system x_y,z. along z.-axis.
Formulas for determining d;, Txyz—x/y;z,, Zs; after the rotation of the measurement
unit are given in paper [9].

In the expression (8) there are the following variables: coordinate (X S YSl , Zs, ),
(X S Ys,, Z Sz) of the reference mark 1 and reference mark 2 (Fig. 6); rotation
parameter 1, X, ¢ of the measurement unit, coordinate (xLO, Viy» 2 Lo) of point L,
through which the rotation axis of the measurement unit passes. Since reference
marks only shift in the plane parallel to the OXY plane, so we assume that the
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Fig. 6 Measuring system S

with rotation of the s § e

measurement unit around A : o~ g

L-axis S TS /2
: ,_.,»f

7" Relerence mark 2

Rotation
axis

Center of lens ____

Photo-receiver

matrix

Fig. 7 Structure of the y |
reference mark, where
d =~dX?+dY2—the o LED2
distance between LED is s i
known Y o

8 L 3. L

o
o X KA

values of the distance Zg,, Zs, are known, and the rotation parameters 1, X, ¢ of the
measurement unit are defined above using collimation marks. Therefore, we need to
find the 7 following unknown variables: X, , Ys] s Xs,, Y. X0y, YLo» 21, It can
be seen that from each expression (8) we have two equations. To find the 7 unknown
variables above, we will need at least 7 independent equations. To obtain this, the
structure of each reference mark containing two LED with known distance between
LED s used (Fig. 7). Thus, the unknown variables X, , YS] , X5y, Yo, X0y, YLos 2L
can be determined as a result of solving system of nonlinear equations (8) for 4 LED
from 2 measuring channels.

5 Experiment and Results

Some experimental studies were conducted in the laboratory in order to validate the
method described in previous section. The experimental setup is shown in Fig. 8.
The measuring system is mounted on an optical bench 5 and contains two reference
marks 1, LED power supplies 2, measurement unit 3 and an information processing
unit 4 (personal computer).



Optical-Electronic System for Measuring Spatial Coordinates ... 225

Fig. 8 Experimental setup for measuring the reference marks coordinate

The measurement unit is mounted on a rotation stage 3 providing accuracy of 1
angular minute for turning around the axes. The measurement unit contains a CMOS
camera 1(f’ = 12 mm), a beam-deflection system 2 (Fig. 9a). The reference mark
contains two LED with distance d = 16.5 mm between LED (Fig. 9b).

Figure 10 shows the images obtained in this experiment. The developed software
automatically detects the marks images and measures their location at the camera
sensor. The following algorithm is used for the detection of the mark image. First,
an image with the switched on mark is captured (Fig. 10a). Then an image with the
switched of mark is captured. As a result, a frame-to-frame difference which reveals
the mark location is calculated. As can be seen from the cropped region of interest,
the algorithm can recognize and calculate the image coordinates of the reference
marks.

(a) (b)

Fig. 9 Measurement unit (a) and reference mark (b)
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(a) (b)

Fig. 10 Images of reference marks: a raw image with the mark and a background; b images after
processing with cropped region of interest

The images of the reference marks without the rotation of the measurement unit
are acquired to obtain the actual reference marks coordinate S*llCt =(-225.1, —46.7,
3445)T. Next, the measurement unit is rotated in turn around following axes: rotation
axis 1 with L = (1, 0, 0)T and Ly= (0, =97.8, 6.4)"; rotation axis 2 with L = (0, 1,
0)" and Ly= (—72.1, 0, 61.1)"; rotation axis 3 with L = (0, 0, 1)T and Ly= (0, —
86.5, 0)T. Then the reference marks coordinate after the rotation measurement unit
is calculated.

Differences between the reference mark coordinate before (actual) and after the
rotation of the measurement unit is calculated and plotted in Fig. 11. As can be seen

(a) (b)
0.8 ]
A — 0.8 i I
0.6 L % P 81
N\ = 0.6 y ! 0.6 7 1 v
g E g g e |
g 04| £ 04 £ g 04
i " | W 04 o
2 \ | ¢ = < = 0.4
02| | Tz '
02} 02|
0 0 /
| i \ )
P 0 L 0 4
2 0 2 2 0 2 05 0 05 05 0 05
Rotation angle. degree Rotation angle, degree Rotation angle, degree Rotation angle, degree
[C} 1 — . — 1 =
0.8 g 1 0.8
E 06f { & 06/
» =
< 04 < 04}
0.2 0.2
oL ‘ 0 :
-5 0 5 -5 0 5
Rotation angle, degree Rotation angle. degree

Fig. 11 Differences (AX, AY) between the reference mark coordinate with and without the rotation
of the measurement unit; a rotation axis 1, b rotation axis 2, ¢ rotation axis 3
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from the graphs, the system successfully measures the reference mark coordinate with
a sufficiently high accuracy (less than 1 mm) with the rotation of the measurement
unit.

6 Conclusion

An optical-electronic system for measuring spatial coordinates of an object by refer-
ence marks is presented in this paper. A method for determining rotation parameters
of the measurement unit was developed. The using SEMS system allows to correct
the rotation of the measurement unit and reduce the measuring error of reference
mark coordinate.
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Abstract Problem statement. Questions of group interaction of intelligent elec-
tromechanical systems (SEMS) in complex robotic systems (CRS) play an important
role in the analysis of their capabilities in performing various tasks. The paper pro-
poses a solution to the problem of group intelligence assessment based on the results
of test computer simulation of CRS. This problem occurs if necessary matching the
best candidates to the RTK group from existing set of modules SEMS, for example,
when you want to perform merge/split parts of RTK, the introduction of the group
new robot or removal of existing or producing other transformation groups SEMS
associated with the implementation of technological tasks. Purpose of research:
Development of software complex for testing group intelligence assessment models
in CRS based on SEMS in various environments. Results: A generalized structure
of the software and hardware complex for testing models of intelligent robot groups
and expert subsystems providing an assessment of group intelligence based on the
results of test tests have been developed. The principles of teaching robots and meth-
ods of model correction based on the results of test tests are proposed. Practical
importance: The generalized structure of the software and hardware complex for
the evaluation of group intelligence CRS provides high functionality of models of
groups of robots, taking into account the ideology of SEMS, which allows to evaluate
group intelligence by computer modeling, taking into account the characteristics of
the group members and the environment of their functioning.
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1 Introduction

Currently, the problem of optimizing the interaction of robots in the group, taking into
account their intelligence when working together is becoming increasingly important.
In complex robotic systems (CRS), built on the basis of intelligent Electromechanical
systems (SEMS) [1] it is necessary to analyze not only the behavior of a single robot,
which has due to the presence of the central nervous system (CNS) [2] appropriate
behavior, but also the dynamics of the interaction of SEMS in RS. In assessing the
performance of such CRS have to solve a wide range of problems. These problems
include:

— evaluation of the ability of the SEMS group consisting of CRS for proper decision-
making under uncertainty [3],

— determination of the optimal number of group members,

— evaluation of compatibility of group members taking into account static and
dynamic features of each robot,

— taking into account the peculiarities of decision-making in the CNS of individual
robots, etc.

Procedures that are commonly used to evaluate the efficiency and performance of
a single robot can be based on testing and assessing the quality of decisions made,
in accordance with a particular scale of its ability to reason [4]. When assessing the
quality of work when solving a joint task by a group of robots, testing is complicated
taking into account the so-called “psychological features”, just as the work of a
human operator in the group is evaluated [5].

A well-known vector approach to the evaluation of intelligence [6], based on
the calculation of the assessment system of artificial intelligence with the use of
test results. Such vector estimates usually contain static probabilistic components
that evaluate the ability to solve fuzzy applied problems, and dynamic probabilistic
components that evaluate the system’s ability to self-study [7]. It is obvious that this
approach can be used for an objective assessment of the suitability of certain robots
to work in a particular RS. In this case, the comparison and selection of the best
candidates from the set of tested robots can be based on the numerical evaluation of
the results of dynamic testing of group work. In this case, the test results are recorded
in different time intervals, which are divided into the entire test run. This is due to
the specific differences between group and individual work activities. Therefore, the
recommended formulas for calculating the components of the vector estimation of
the intelligence of an individual robot cannot be directly applied to the assessment
of the suitability of this robot for group interaction. In particular, as shown in [8, 9],
there are factors such as group reaction time, the time required to make correct or
important joint decisions, and other static and dynamic characteristics.

By analogy with human-machine systems (HMS) to assess the intelligence of
CNS robots in CRS it is necessary to carry out its computer simulation with identi-
fication and evaluation of decisions in complex dynamic systems under conditions
of uncertainty [10]. However, in this case, the structure of the mathematical model



Software Complex Testing Models for the Evaluation ... 233

should include methods for evaluating the parameters characterizing the group intel-
ligence of CRS. In addition, when assessing the quality of work when solving a joint
task by a group of robots, testing is complicated taking into account the so-called
“psychological characteristics”, just as the work of a human operator in the group is
evaluated. Therefore, it is important to create new systems and algorithms for testing
groups of robots to assess the group intelligence team of working together robots
based on SEMS, taking into account their “psychological” features.

In this paper we propose an approach based on fuzzy mathematical and computer
modeling of the behavior of a robots group in the CRS and the dynamics of the
environment of choice [11]. The use of the results of test modeling of a group of
robots in the CRS in the system introduced in [3] estimates allows to take into account
the characteristics of the CNS of each robot group and the psychology of the group in
solving the joint problem. First, these estimates have static and dynamic components
that take into account both the ability to make decisions under uncertainty and the
ability to learn in the process. Secondly, they have components that characterize the
psychological stability of groups. In some cases, vector estimates can be replaced by
average estimates, which make it easy to rank from best to worst groups.

2 A Typical Structure of a Software System Testing
of Models of Groups of Robots

Software testing complex (SCT), which provides testing of models of different groups
of robots in order to assess their group intelligence, has structure of the tree type
(Fig. 1). The SCT contains a supervisor (1) that supports dialogue with the operator
(2) and a human-machine interface (3). The supervisor is designed to select operating
modes and control software modules. These include the following modules:

— assembly and adjustment of models of control object (AAMCO) (4),
— assembly and adjustment of models of the environment (AAME) (5),

?
THLLE

Fig. 1 Structure of the software package. 1—Supervisor, 2—the operator, 3—a human-machine
interface, 4—assembly and adjustment of models of control object, 5—assembly and adjustment
of models of the environment, 6—assembly of test models groups of robots, 7—testing groups of
robots, 8—model training and correction, 9—text tasks, 10—storage of results of work of all blocks

0]
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assembly of test models groups of robots (ATMGR) (6),
— testing groups of robots (TGR) (7),

model training and correction (MTC) (8),

— text tasks (9),

storage of results of work of all blocks (10).

Each module is connected to the supervisor via a controller. Blocks 4, 5, 6, 7, 8
are expert systems that contain a database (DB), knowledge base (KB) and inference
engine (IE) for the model elements of the corresponding modules. In addition, module
4 contains the models of control objects, module 5—model environment, module
6—test model groups of robots, module 7—the random number generator, program
testing, computer assessments of intelligence and module 8—corrective amendments
of the training program. Module 9 is a database of test tasks’. Module 10—storage
of the results of all blocks.

The system of testing robot models works as follows.

Before starting work, the operator 2 via the man-machine interface 3 controlled
by 1 supervisor fills in the module 9 test tasks’. In each expert system of modules 4,
5, 6,7, 8, the DB and the KB are filled with relevant information. In addition, the
operator can adjust the DB and KB, as well as conduct training of expert systems on
the results of test tests.

The supervisor then starts the AAMCO module. The controller of this module
gives the command to create an object model. IE substitutes from the database the
available data in the selected structure of the object model in the KB rules and
creates a model of the object, which is stored in the memory module 10. Similarly,
other object models are created, which are also stored in module 10. At the end of
the process of creating object models, the module controller sends a corresponding
signal to the supervisor.

After receiving a signal about the end of the process, which creates models of
control objects, the supervisor starts the AAME module. The controller of this module
gives the command to create an environment model. IE substitutes from the database
the available data on the elements of the environment in the KB rules and creates
a model of the environment, keeping it in the memory block 10. Similarly, other
environment models are created, which are also stored in memory module 10. At
the end of the process of creating models of the media controller subsystem AAME
reports to the supervisor the appropriate signal.

Blocks AAMCO and AME can start and run in parallel, which speeds up the
system as a whole. In this case, the ATMGR subsystem runs after the receipt of the
signal about the end of creation of models of objects and environments.

After receiving a signal about the end of the process, which creates models of
control objects and the environment, the supervisor starts the ATMGR module. The
controller of this module gives the command to build the test task model from the
control object models and environment models that are stored in the memory module
10. IE substitutes from the database the available data on the assembly of the tested
model in the rules of the KB and creates a model of the test task, which is also stored
in the memory module 10. At the end of the assembly process of the tested model of
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the robot group, the controller of the module 6 transmits a corresponding signal to
the supervisor 1.

After receiving a signal about the end of the process, which carries out the assem-
bly of the tested model of the group of robots, the supervisor starts the TGR module.
The controller of this unit gives the command for testing, launching a random num-
ber generator and test programs. In the block of test tests IE substitutes from the
database data on the situation in the test problem in the rules of the KB and it forms
a sequence of situations in the test problem on the basis of a random sample from
the random number generator. The module accumulates statistics of test results and
calculates estimates of group intelligence. At the end of the process of calculating the
estimates of group intelligence controller module TGR transmits the corresponding
signal to the supervisor.

After receiving a signal about the end of the testing process, the supervisor trans-
mits the test results via the human-machine interface to the operator. After analyzing
the test results, the operator makes a decision on the completion of the work, or on
the need to adjust the testing.

If necessary, the supervisor starts the MTC system by issuing the appropriate com-
mand to the MTC module controller. The controller of this module gives the command
for correction. IE, substituting data from the database about possible adjustments in
the rules the KB determines the sequence of correction and type of correction test
patterns and transmits the corresponding information in AAMCO module, which
introduces the corrective amendments in these models.

After adjustment at the request of the operator through the human-machine inter-
face, the supervisor can instruct the controller of the module to start training, which
analyzes the results of the correction, comparing the intelligence estimates obtained
before and after the correction, and enter the successful values of the corrections in
the database with the simultaneous correction of the relevant rules of the KB of the
MTC module.

3 Assembly and Adjustment of Models of Control Object

The module AAMCO under the control of the controller provides for the assem-
bly and adjustment of models of three types of intelligent robots: robot-forklift for
warehouse work, robot-car at the intersection and robot-assembler mirror antenna
system. The database of this module stores the structures and elements of the models
of these robots. The rules are stored in KB:

selection of the structure of different types of robots;

selection of models of component parts of robots for the selected structure;
formation of Central nervous systems of different robot models;

connection of robot component parts models according to the selected structure.

The structures of robot models contain a list of their elements and connections
between them, indicating all inputs and outputs for each type of robot. Elements of
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any robot model represent data on the state of the model: initial, required, current,
permissible, permissible control actions and models of component parts of robots.

Initial state data is information about the initial coordinates and characteristics of
the robot, as well as its components. For example, hands and hands with fingers for
a robot forklift. In addition, additional information may be available on the initial
state of the environmental sensors and the model status feedback sensors.

The data on the required state of the model contains a list of step-by-step transitions
from the initial states to the required end states and transition constraints.

Data about the current state of the model contain information from the environment
sensors and feedback state of the model.

Data on the permissible state of the model contains the permissible coordinates
and characteristics of the robot, as well as its components.

In addition to these data on the state of the robot model and its structure, contains
the values of permissible control actions and information about the components
of the robot models. Information about the components of robot models contains
parameters, static and dynamic characteristics of control systems models: electric
drives, actuators and feedback sensors.

In KB there are rules for selecting and assembling the structure of the robot
model, which are rules of the “if-then” type. The operator sets the robot type via
the human-machine interface and the supervisor. IE substitutes the data type of the
robot, selected from the database, the rules of BL, and the selection of its structure
in general or the assembly of component parts.

The formation of the Central nervous system of robot models is carried out by
means of control actions in the models of control systems, based on the analysis of
the initial, current, permissible and required state, as well as the components of the
robot and permissible control actions.

Assembly of robot models from their components is carried out in accordance with
the rules of connection of models of robot components (control systems, electric
drives, actuators, feedback sensors) selected structure, which is described by the
specified parameters and characteristics.

Similarly, on the instructions of the operator through the human-machine inter-
face and supervisor IE creates models of other types of robots, placing them in the
repository of the results of all blocks (Fig. 1 module 10).

4 Assembly and Adjustment of Models of the Environment

The AAME module under the control of the controller provides for the assembly and
configuration of models of three types of environments in which the work of groups
of intelligent robots. These include warehouses, road junctions and near-earth orbits
of satellites. Accordingly, the database of this module has three sections, where the
structures of environments with elements of models of these environments are stored.
KB also has three sections, where the stored selection rules in the model structure
of the environment, rules for the selection of the models of elements for the chosen
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structure and rules of the association of the models of elements in the shared model
of the environment functioning group of intelligent robots.

Environment structures contain for each type of environment a list of media model

elements and the relationships between them, indicating all inputs and outputs.

The following software modules are the elements of the storage environment

model:

dimensions of premises,

schemes of cargo location, their coordinates and dimensions,

scheme of passages between the goods their coordinates and dimensions,
schemes of departure and entry from the warehouse, their coordinates and dimen-
sions,

schemes of cargo delivery from the warehouse, their coordinates and dimensions,
a set of parameters of the required states of warehouse models with a list of step-
by-step transitions from initial to final states,

list of restrictions during transitions,

a set of parameters of the current state of the warehouse models with information
from environmental sensors,

the set of valid states of the models of warehouses with valid coordinates and
characteristics of the warehouses as a whole and their component parts.

Elements of the model environment “crossroads” are:

types of intersections,

types of streets adjacent to the intersection,

availability of traffic lights,

types of traffic lights,

schemes of the initial location of robots-cars,

the dimensions of the robot car,

current coordinates, direction and speed of robot cars,

the list of restrictions on the movement of robots-cars,

a set of permissible coordinates and speeds of robots-cars, etc.

The following software modules are the elements of the “near-earth orbits of

satellites” environment model:

types, parameters and characteristics of orbits,

types, the parameters of the disturbing factors,

static and dynamic characteristics of disturbing factors,

number and type of satellites,

current, valid and desired satellite coordinates

the speed of satellites and installed on them elements of the mirror system,
types, parameters and characteristics of the mirror system,

permissible control actions, etc.

Rules for selecting the structure of the model of the functioning environment

contain rules of the “if-then” type for the choice of the scheme for the given operator
through the human-machine interface and the supervisor of the type of environment,
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rules for selecting models of environment elements for the selected scheme and rules
for combining the selected models of environment elements in the General model of
the environment of the group of intelligent robots.

IE is a software module that, under the control of the controller, performs a logical
conclusion from the database pre-filled with current facts according to the rules of
the BR in accordance with the laws of formal logic. The IE first selects from the BS
the rules for selecting the structure of the environment model for the type of robot
group specified by the operator and the type of environment for its functioning. Then,
from the selected rules, selects the rules that correspond to the current facts of the
database, distributes the selected rules by priorities and selects the structure of the
environment model, which corresponds to the rule with the highest priority. At the
next stage, the IE selects rules for choosing models of environment elements from
the database, selects those that correspond to the selected environment structure and
current database facts, distributes the selected rules by priorities and selects those
models of environment elements that correspond to the rules with the highest priority.
Then IE chooses from the KB rules of combining the selected models of elements
of the environment into a General model of the environment for the functioning of
a group of intelligent robots for the selected group of robots and the environment of
its functioning, placing it in a module where all the results are stored. Similarly, on
the instructions of the operator through the human-machine interface and supervisor
creates models of other types of environments functioning groups of robots, placing
them in a module where all the results are stored.

5 The Assembly of Test Models Groups of Robots

In module ATMGR under the controller provides for the assembly of the models
of group three types of intelligent robots: robot forklift, the robot vehicle and robot
collector mirror antenna system for the proper functioning in three environments:
warehouses, intersections of roads and low-earth orbit satellites. Accordingly, the
database has three sections, which store the layout of the members of different groups
of robots in the possible environments of their operation, their coordinates, robot
model schemes, as well as static and dynamic characteristics. In addition, the database
stores the initial, permissible, current and final coordinates of robots, permissible
control actions and goals of functioning in different environments, as well as options
for group interaction algorithms for different target tasks.
The KB contains the following “if-then” rules:

— selection of the structure of the robot group models for the purpose of functioning,

— selection of algorithms for interaction of robot models in the group under the
selected structure,

— formation of a group model of the same type and different types of models of
robots and their environments.
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IE is a software module that performs the output from the pre-filled current facts
from the database to the rules of the KB in accordance with the laws of formal logic.
IE first selects from the KB selection rules for the model structure of groups of robots
taking into account the purpose of operation. Then, from the selected rules, the ones
that correspond to the current facts of the database (the layout of the members of the
group of robots in the model of the environment of their functioning, their coordinates,
parameters of robot models, as well as their static and dynamic characteristics) are
selected. IE distributes the selected rules by priority and chooses the structure of the
model groups of robots, which corresponds to the rule with the highest priority. At
the next stage, the IE selects the rules for choosing algorithms for interaction of robot
models for the selected structure and purpose of operation, taking into account the
current facts (parameters of robot models, their static and dynamic characteristics,
initial, permissible, current and final coordinates of robot models, permissible control
actions). Then IE distributes the selected rules according to priorities and selects those
algorithms for interaction of robot models in the environment, which correspond to
the rules with the highest priority. Then, the IE selects from the BR the rules for the
formation of a group model from the same and different types of robot models and
their environments, taking into account the location of groups in the surrounding
space and robot movements in the specified directions. The operator prioritizes the
selected rules and selects the rules of assembling the model of the group of robots in
the environment, which correspond to the rules with the highest priority. After that,
the group model and the environment of its functioning are assembled. This model
is stored in the result store.

6 Testing Groups of Robots

The TGR module provides for testing of models of groups of robots-forklifts, robots-
cars and robots-assemblers, functioning in the appropriate models of environments.
For example, warehouses, intersections of roads and near-earth orbits of satellites.
The tested models of robot groups are formed with the help of the module “assemblies
of tested models of robot groups” and stored in module 10 (see Fig. 1). The test results
are used to calculate estimates of their group intelligence.

The elements of the DB module are: test task, possible limitations and obstacles,
their parameters and characteristics, algorithms of test tests, formulas for calculating
estimates of group intelligence with adjustable coefficients, test time, the number of
attempts to perform the test task, types of failures and accidents and other collisions,
formulas for calculating their number.

To calculate the estimates of group intelligence, you can use the following factors:

— coefficient of intellectual abilities of the jth group of robots [3]:
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— creative coefficient of the jth group of robots:

| |
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where AT ;,;—time of the nth attempt to solve the ith problem by the jth group of
robots,i=1,2,3, ... F.

— the coefficient of motivational involvement of M; of the jth group of robots is also
calculated by Formula (2), but all test problems should be approximately of the
same complexity.

By combining the entered coefficients, it is possible to calculate the intelligence
coefficient of the jth group of robots in RTC:

10; =k, Q;+kV; +kyM;, 3

where k,, k, and ky—adjustable weight coefficients set by the operator conducting
the simulation test, depending on the purpose of the test RTC.
The KB is the following set of rules:

— selection of test tasks,

— selection of possible constraints and obstacles with their characteristics and param-
eters,

— selection of test algorithms,

— choice of formulas to calculate estimates of group intelligence, and custom indexes.

IE is a software module that performs a logical inference from the KB rules in
accordance with the current facts from the database and the laws of formal logic. At
the beginning of the IE selects from the KB rules that are responsible for the selection
of test tasks for the test objectives set by the operator and stored in module 10 (see
Fig. 1) group model and operating environment. Then, from the selected rules are
selected rules that correspond to the current facts (types of obstacles and restrictions,
test time, the number of attempts to perform the test task, the types of failures and
accidents and other collisions), distributes the selected rules on the priorities and
selects the test task, which corresponds to the rules with the highest priority. At the
next stage, the IE selects the rules of selection of possible constraints and obstacles
with their characteristics and parameters for the selected test task and stored in the
TGR module (see Fig. 1) the group model and the operating environment. From the
selected rules, the IE selects the rules that correspond to the current facts (possible
constraints and obstacles, their parameters and characteristics) from the database,
distributes the selected rules according to priorities and selects those constraints
and obstacles with their parameters and characteristics that correspond to the rules
with the highest priority. Next, the IE selects from the BS rules for the selection of
algorithms for test tests, based on the selected test problem and possible constraints
and obstacles. From the selected rules, the IE selects the rules that correspond to the
current facts (formulas for calculating the estimates of group intelligence) from the
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database, distributes the selected rules according to priorities, selects the algorithm
of test tests to which the rules with the highest priority correspond and transmits
it to the test module. At the same time, the identifier of the selected algorithm is
transmitted to the module for calculating intelligence estimates. Then, the IE selects
from the KB the rules for the selection of formulas for calculating the estimates of
group intelligence and adjustable coefficients for the selected algorithm of test tests.
From the selected rules, the IE selects the rules that correspond to the current facts
(types of failures and accidents and other collisions, formulas for calculating their
number). It then distributes the selected rule according to the priorities and selects
the formulas to calculate estimates of group intelligence and custom coefficients that
correspond to the rules with the highest priority and transmits them to the module of
calculation of estimates of the intelligence of TGR.

The module of test tests for the chosen algorithm of test tests by means of the
random number generator substitutes obstacles and restrictions with their parameters
and characteristics (probability of occurrence, coordinates, etc.) into the algorithm
of test tests. In addition, the test module accumulates statistics of collisions and other
collisions. Then passes it to the module for calculating intelligence estimates. In the
TGR module under the control of the controller on a set of test statistics are calculated
estimates of group intelligence on the selected IE formulas and stored in a special
memory section of module 10, which also stores the identifier of the test algorithm
used in this case, and in the memory of the training module.

7 Model Training and Correction

In module MTC provides for the calculation of the amendments according to the
results of testing and correction models produced in modules of AAMCO, AAME
and ATMGR. DB contains the acceptable and desired estimates of group intelligence
test for different tasks and sets of possible amendments of the models. The KB
contains rules such as “if-then” selection of corrections for the analysis of the values
of the calculated estimates.

A inferencing engine (IE) is a software module that performs logical inference
from a pre-filled with current facts from a DB according to the rules from the KB
according to the laws of formal logic. In the beginning, IE selects all the correction
rules from the KB, corresponding to the identifier of the used test algorithm stored in
module 9, on the controller command launched on the basis of the operator’s request
through the human-machine interface and the supervisor. From the selected rules, the
IE selects the rules that correspond to the current facts (valid and desired estimates of
group intelligence corresponding to the identifier of the test algorithm used). Then,
it prioritizes the selected rules, selects the selection rules that correspond to the rules
with the highest priority, and passes them to the correction module. The selected
corrections can be made to the tested models through the correction module at the
operator’s request. In addition, at the request of the operator, you can run the training
module, which analyzes the results of the correction, comparing the intelligence
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estimates obtained before and after the correction, and the successful values of the
corrections are recorded in the database of the training and correction module with
the simultaneous correction of the relevant rules in the KB.

8 Conclusion

The generalized structure of the software package for testing models of groups of
intelligent robots, including expert systems for creating dynamic models of interact-
ing robots and environments. It allows you to evaluate the group intelligence of CRS
by computer modeling, taking into account the characteristics of the group members
and the environment of their functioning. The introduction of estimates of the results
of the test simulation of a group of robots in the CRS in solving a joint problem can
take into account the characteristics of each robot group and the psychology of the
group. The supply of the complex with the training and correction module allows
the operator to make the correction of robot models based on the results of testing
and thereby ensure the improvement of the quality of CRS work.

It seems that a more subtle modeling of CRS characteristics and the study of
the nature of variability in the time of the proposed group assessments based on
the results of testing of candidates will help to identify a number of new important
group psychological features for work in CRS, such as indecision, nervousness,
patience, scrupulousness, etc. [8]. It is also important to note that the assessment of
the group intelligence of robots should be improved in terms of assessing learning,
professionalism, psychological stability and compatibility with the human observer
(operator) or the head-controller of the technological process. Such an assessment
can in many cases be key to making the right decisions under uncertainty.
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Abstract Introduction: In the modern world, more and more tasks are performed
by robotic systems with artificial intelligence. Of great interest is the creation of
control systems for distributed groups of robots when operating under conditions
of non-stationarity of the external environment and interaction of robots, as well as
insufficient information about the situations that arise. One of the most promising
directions for the synthesis of such systems is the use of situational control methods.
Modern intellectual systems calculate control actions taking into account forecasting,
using adequate models of control objects. The development of such models should
meet the following criteria. Such a model should adequately describe the behavior of
the control object, should be compact and economical in terms of computation, since
such models are repeatedly used to predict in one iteration of the control calculation
cycle. Testing and analysis of situational control systems are important tasks that
are often solved by simulation methods using control object models. Therefore, the
development and analysis of situational control systems of groups of robots and
the creation of adequate models of the dynamics and kinematics of these robots
are actual. Purpose: To develop a simplified kinematic and dynamic model of a
warehouse loader robot for use in the analysis system of situational control of a
group of robots. Methods: Creating a library of modules based on object-oriented
modeling methods. The library allows you to simulate the kinematics and dynamics
of various configurations of robots based on intelligent electromechanical modules
with a parallel kinematic scheme (SEMS). Results: Kinematic and dynamic models
of a warehouse loader robot created from modules with parallel kinematic scheme
(SEMS) are proposed. The robot is equipped with two universal adaptive grips that
simulate human hands. These models can be used to calculate the trajectories of the
robots and calculate the movements of universal adaptive grippers. These models
can be used as virtual robots for testing situational control systems of a group of
robots. Practical significance: The research results are supposed to be used in the
development of test equipment of situational control systems for a group of robots.
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1 Introduction

For many industrial enterprises, trade enterprises, an important issue is the handling
and storage of a huge variety of goods, such as: tools, components for production,
spare parts, etc. The need for continuous monitoring, accounting and security of data
storage of components leads to the creation of automated warehouse control systems
[1, 2]. In non-automated warehouses, accounting and cargo handling are difficult to
optimize and usually take a long time. A large amount of human resources is spent on
this process, and the area of the warehouse is inefficiently used. The use of robotic
systems [3, 4] allows for rational allocation of warehouse resources and reducing
the staff to several operators of the robotic complex. This significantly increases the
quality of accounting and the speed of cargo handling.

There are various structures of such robotic complexes, but an integral part of
them are robots loaders of various designs, for example, forklifter, anthropomorphic,
robot manipulators, etc. [1-4]. This study aims to create a universal tech solution
that allows you to create mobile robotic systems based on SEMS modules [5]. The
article deals with the tasks of developing models of an anthropomorphic loader robot
for a warehouse constructed of such modules.

Universal SEMS modules are electromechanical systems of parallel architecture
similar to n-pods. Advantages, applications and description of these mechanisms
are reflected in the publications [5—12]. The main difference from the classical view
is the use of self-organizing modules with a distributed control system, built on
the principles of optimal control, self-organization and agent-based approach. The
proposed approach allows for a set of modules created using the same technology to
develop designs for solving certain production problems.

The several mobile robots are supposed to be used in the warehouse, the question
arises of synthesizing group situational control. It is also necessary to develop algo-
rithms for controlling the robot loader when performing various operations. Most
modern control systems use in their structure predictive models of control objects.
These models should be used to test the laws governing the control of robots at
the production stage. Therefore, special attention should be paid to the creation of
models of such robots as control objects.

2 Description of the Object of Study

A modern large warehouse is a complex technical structure, which consists of many
different subsystems, for example, a complex of buildings, a set of processed cargoes,
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information support systems, etc. and elements of a certain structure that are com-
bined to perform specific functions of transforming material flows. Robots are used
to facilitate the implementation of laborious and monotonous work on unloading and
sorting of various goods in warehouses.

The robot we are considering is anthropomorphic. The robot consists of the fol-
lowing elements:

— a mobile platform on wheels on which the robot places the goods during trans-
portation;

— the body of the robot, the design of which allows it to make: a turn around the
vertical axis at a limited angle, tilts in different directions, changing the height of
the robot;

— two arms are attached to the body, at the ends of which there are universal grippers
[13];

— each universal gripper consists of a palm and three fingers;

— each finger has three phalanges;

— the robot has a moving head, on which a system of cameras and range-measuring
equipment is installed.

The design of the hands allows you to change their length. The universal gripper
palm can change its size symmetrically, the phalanges of the fingers can change
its length and thickness to ensure a better grip quality. The design of the robot is
modular, it is composed of standard modules (base units) with a universal controller.
The base unit is an electromechanical device parallel kinematic scheme, resembling
hexapods. The base unit consists of two platforms, each of which can change its size
symmetrically through a system of actuators. The platforms are interconnected with
six actuators. Each actuator is attached to the platform using hinges mounted on its
ends. Each actuator consists of a screw jack based on a ball-screw pair, a gearbox
and a DC motor. Each actuator is equipped with a linear displacement sensor, an
angular velocity sensor of the electric motor and a force sensor.

From the point of view of the control task, the warehouse loader truck is a dynamic
object that sequentially performs a series of operations (receiving instructions from
the operator, processing current information about his position, recognizing obsta-
cles, loads, developing the optimal path for moving loads, etc.) in a constantly chang-
ing external environment, information about which he receives through sensors, for
example, range-measuring equipment and video cameras. In various modes of opera-
tion, the warehouse loader truck is described by various mathematical models. When
moving around the warehouse, it is advisable to describe the dynamics of the ware-
house loader as a material point moving on a plane. Since the object functions in
a space of a complex configuration (the presence of other robots by a loader, the
presence of obstacles, people, etc.), the dimensions and geometry of the robot and
the elements of its surrounding environment should be taken into account. When
selecting, capturing and moving goods, detailed models of kinematics and dynam-
ics of similar robots as a complex electromechanical object by a parallel kinematic
scheme are required. The modular arrangement of the robot allows you to simplify
this task by creating models of the base unit. It is necessary to reach a compromise
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between the complexity of the model and its applicability in the on-board computer
of the robot. These models are supposed to be used as predictive for developing
control instructions for situational control. It is also supposed to use these models in
the system of synthesis and testing of group control of groups of robots.

3 Kinematic and Dynamic Models of the Base Unit

Detailed models of kinematics and dynamics of similar electromechanical structures
with fixed bases were considered in [14, 15]. A distinctive feature of this base unit is
the ability to symmetrically change the size of the platforms using actuators, which
complicates the model and does not allow using the ready-made formulas described
in [14, 15]. Let us use the ideas described in [14] and modify them for our case.

We introduce the basic definitions and formulas of the kinematic model according
to [14]. So the upper platform will be called the adaptive platform (AP), the lower
one will be called the base platform (BP).

Introduce into consideration the basic coordinate system (BCS) Ey = (09, [eo]),
where 0p—the origin of coordinates of BCS; [eg]—the three unitary vectors of BCS.
For angles, vectors and rotation matrices, the subscript is the number of the coordinate
system (CS), the superscript is the CS number, relative to which the angular and
linear positions are determined, the second superscript indicates the CS number, in
which the coordinates of vectors are calculated. Rotation matrices c; have the form

i i _ AN iy . i i i pi i i i i
¢ (¢j) = ¢(B) - (0)) - es(@}), where ¢ = [ﬁj 0 o ] B, 6/ and o’ —the
angles of elementary rotations about the x, y and z axes respectively; the matrices of
elementary rotations have the form:

1 0 0 cos(6) 0 sin(6?)
¢i(B) = | 0cos(B)) —sin(B)) |: e(0)) = 0 1 0 :
0 sin(B}) cos(8)) —sin(8}) 0 cos(6)
' cos(a}) —sin(a’) 0
¢c3()) = | sin(e}) cos(a}) 0
0 0 1

Here the indices i, j are the designations of the corresponding coordinate systems.

The base platform moves in three linear and three angular coordinates relative
to the BCS, can also symmetrically change the linear size. The adaptive platform is
moved by actuators in three linear and three angular coordinates relative to the base
platform and can change its linear size symmetrically.

We introduce a body-oriented coordinate system of base platform (BPCS) E;, =
(015, [€15]), where 0;;,—the origin of coordinates of BPCS, which relative to the BCS

T
is determined by the coordinate column r};’ = [x?l;o, s z(f;,o] ; [e1p]—the three
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unitary vectors of BPCS, the orientation of the BPCS relative to BCS is determined
by the angles of the elementary rotations (p‘l)b. The number “1” denotes the base
unit number, for example, the model equations are obtained for the module with the
number “1”.

To set the initial position of the AP, we introduce the coordinate system of the
initial position of the AP (CS APO) E. = (0y., [ei.]), where 0;.—the origin of
coordinates of CS AP0, which relative to the BPCS is determined by the coordinate

T
column rif_’ b — [xllf’ 1b, yllf’ lb, zif‘lb] ; [e1.]—the three unitary vectors of CS APO;

the orientation of the CS APO relative to BPCS is determined by the angles of the
elementary rotations @]°.

To set the position of the AP, we introduce the body-oriented coordinate system
of adaptive platform (APCS) E| = (01, [e;]), where 0,—the origin of coordinates of
APCS, which relative to the CS AP0 is determined by the coordinate column r}"’lc;
[e;]—the three unitary vectors of APCS; the orientation of the APCS relative to CS
APO is determined by the angles of the elementary rotations @1¢.

The position of the APCS relative to the BCS is described by a vector whose
coordinate column in the BCS can be calculated by the formula:

0.0 _ 00, .0 [.1616 | 1b. lclc
r=ry +c1b[r1c + €Iy ], (1

and the angular position is described by a rotation matrix:
0 0 L1b,1
€] =€ .. 2

It should be noted, that the origin of the coordinates of the BPCS, CS AP0, APCS
combined with the centers of inertia of the respective platforms. The points at which
the origin of the coordinates are located do not have physical reference points on the
platforms due to the design of the platforms and are determined by calculation.

The coordinates of the hinge attachment on the BP are defined in the BPCS:
r}Z}llb, r}Z]ﬁlzh, cees r}Z}léh, where the subscript denotes the hinge number on the BP.
The last digit in the subscript indicates the sequence number of the hinge on
the BP. On the BP there are 6 hinges in a circle with a radius R;;,. The BP
radius can vary, so the coordinates of the hinges are a function of the BP radius:

1b,1b 15,1b 1b,1b
rlbj1~ (th)» Tipin .(Rlb), < Tppie (Rl.h)~ . )

Similarly, we introduce the coordinates of the mounting of the hinges on the
adaptive platform in the APCS: r}’jll , r}’jlz, cee r}’jlﬁ, where the subscript indicates

the number of the hinge on the AP. The last digit in the subscript indicates the
sequence number of the hinge on the AP. On the AP there are 6 hinges on a circle
with a radius R;. The radius of the AP can change, so the coordinates of the hinges
are a function of the radius of the AP: r;’jll (R)), r}’ilz(Rl), R r;’jl6(R1).

The current lengths of the actuators can be defined as the distances between

the respective hinges of the base and the AP by the formula: / 115{ - ‘r:f{i’lb‘ =

rllf;.”’(Rl) - rllllj}.}b(Rlb) , i =1--.6, where r%?;lb—the coordinates of the point
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of attachment of the hinges on the AP in the BPCS, which are calculated as follows:

b6 _ bbb e . .
i r, =+ clc[ + ¢ rljl(Rl):I i =1---6. As aresult, the expression

for the current length will take the form:

]bjl 1b,1b 1| . 1c,1c le. 1,1 1b,1b
= ‘ +c16|: + ¢ rl]z(Rl)] — Tpji (R1p)

ljl
=l +Al;i(Yi), i=1---6, 3)

where lpi—the initial lengths of the actuators, Lo =

1b,1b 1b,.1,1 1b,1b
rlc + chrl_]l(Rl(O)) r]bjz

tor rods; Al,; = 1, + ‘[1’ , T/—actuator deformation, {r,—rotation angle of the
actuator motor rotor, /,—gear ratio, R;(0), R;;(0)—the initial values of the radii Ry,
Ry, respectively.

Expressions (1)—(3) determine the geometry of the base unit as a function of the
controlled parameters R;, R;;, ;. Depending on the task, these expressions can be
used both to find the required program values of the parameters R, Ry, U;, and the
position of the AP of the base unit from known changes in these parameters.

To calculate the program values of the parameters R, R}, U; from known values

0,0 0,0 o el .
r;0, ), €%, cllitis necessary to determine r;“ ' and ¢}° due to the formulas:

le,le 1,1[ 0T[.00 .00 16,1b
. =¢ [cw [ r—ry ] — Iy ],

le _ (16T 0.T 0
€ =¢ ¢ s )

Al,;—current extensions of actua-

then it is necessary to solve numerically the system of equations (3). It should be
noted that in (3) the number of equations is 6, and the required parameters are 8.
Thus, we have a lot of possible solutions and must develop a strategy for control of
the base unit, for example, by the criterion of maximum speed. In order to simplify
calculations, you can initially work out the laws of changing of R, R,;, based on the
task solved by the robot.

The solution of the direct problem of determining the position of the AP in BCS
by parameters R;, Rjp, ; leads to ambiguity due to the structure of the system of
equations (3). The voluntary combinations of these parameters can lead to incon-
sistency of the equation in (3). One of the methods to overcome the ambiguity is
linearization of (3) with respect to the programmatic trajectory of the basic unit, then

ri“!'“ and @}¢ can be calculated as:

plede Rip
[llc ]=A R | (5)
(pl 'l'f

where Y—vector composed of {r;, A—matrix composed of the parameters of equa-
tions (3).
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The relationship between the speeds of the base unit will find by differentiating
r?’o and c‘l). Taking into account the properties of skew-symmetric matrices, we obtain
the expressions for the linear v{"* and angular »)"” velocities of the AP in the BCS:

T
0.0 _ 00 , .0/ 1b1b | Abdelc\T 016 |, 0 b lelc

Vi©T =V, +c1b<rlc + € Iy >(")1b +CCi Y

0.0 0. 01 0 lcl

0 =Cpw,, +C6o; T, (6)

where v(l)‘bo—the linear velocities of BP in BCS; w(l)i,lb—the angular velocities of BP

0 —z vy
in BCS; <...>—skew-symmetric matrix of the form ([x, v, z]T) = z 0 —x [;
-y x 0

v,“!“—the linear velocities of AP relevant to CS AP0 in APCS; w|“'—the angular
velocities of AP relevant to CS APO in APCS.

The angular velocities @', w?},lb and " can be determined through the ele-
mentary rotation velocities ¢¥, ¢J, and ¢°:

0.1b _ 0 -0 . ded _ _lesle. ,.00 _ 0.0-0
Wy, =E€Q, W =€ @ W =CgQy, @)

where &' —the Euler matrices of type &, = [cg (a"})cg (9})ex|c3T (aj)e),|ez] from
the corresponding angles, e, = [1 0 0]7, e, =[01 0]",e,=[001]T.

We obtain the rate of change of the lengths of the actuators i 115{ ' by differentiating
3):

16ji,16,T__1bji,1b
abji Vi 1ji
ji = 1bji

Lji

=V + T, i=1--6, (8

where v,,—the velocity of actuator, which in the case of a lead screw can be deter-
mined by the formula v,; = SIZ—, Q,—the motor angular velocity; 7;—the actuator
strain rate. The velocity of the relative translational motion of the hinges of the ith
actuator in the BPCS find the formula:

y T
1bji,1b _ b _lcle 16 1ca 1,1 (5 16 . 1c/..1,1 lc + 1c . 1b,1b ( 15
Viji = CeVi eI (Rl) +€1:.¢ (rlji(R1)> €1 1 — Tppji (Rlb)’ ©)

where rijll (Rl) and 1"}2}}]’ (Rl b)—the velocities of change of position of the respective

hinges of AP and PB; R 1 and R 1»—the rate of change of the radii of the AP and BP,
respectively.

The simultaneous solution of equations (3) and (8) in small deviations from the
programmed AP trajectory makes it possible to determine |, l¢, ¢1¢, v for
known values of controlled parameters Ry, Ry, V;, R 1 Rl » and €2;.

To calculate the program values of parameters R, Ry, U;, Rl, Rlb and €;, it

is necessary to simultaneously solve Eqs. (3) and (8). It should be noted that the
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number of equations is 12, and the desired parameters are 16. In order to simplify
calculations, you can initially work out the laws of change of R;, Rj;, and R 1 Rl bs
based on the task solved by the robot.

The controlled parameters of the base unit can be described with the help of
functional dependencies on the control actions of the universal controller.

Equations (1)—(9) are a simplified kinematic model of the base unit of the ware-
house loader robot.

The models of the dynamics of the basic unit SEMS with platforms of constant
size are discussed in detail in [14, 15]. It is necessary to modify the equations from
[14, 15] for our case:

ov)' +ov]' +eev)' ==,

’ 0,1
N ) R ) ) S )

my =diag| m; m; m

where ®—the inertia matrix AP; v(l)'l—linear velocities of AP relative to BCS in

projections on the axis APCS v0"' = ¢ Tv%," 4 ¢ Tc?b<r}f 4 clbple 1‘) o 4
c}” TV}C e, ‘”1 —the angular velocities of AP relative to BCS in projections on the
axis APCS 0" 1 = c(l) Tc?bw?blb +w 1‘ 1, V(l) '__the AP velocity vector; F;—the sum

vector of forces acting on the AP in the APCS; M|—the sum vector of torques acting
on the AP in the APCS; E—the sum vector of forces and torques acting on the AP in
the APCS; m;—the mass of AP; I,—the moments of inertia of AP; L—the matrix
of the rates of change of the moments of inertia, which are caused by the change in
the dimensions of the platform. The matrix Il is a function of parameters R and Rl
Forces and torques have expressions similar to the case when the dimensions of the
platforms of the base unit do not change [14, 15].

Given the kinematic scheme of the base unit, the velocity vector can be defined
as follows:

0.1 _ walegle le,Ty 16, Tng0 0
Vo =Mq"+ L L M,q,

lc CICT 0 le ¢ 0
M = 0 e L= <ric 1L>c}c cle |
16 0,T le,1 0.0
Li = lbcllij 1 (1)17 My, = |:c1h ; ] q° = |:r1c1 -Cj| qy, = [rlb i|
‘ (rlc >clc Cic 0 &, ¢ i
(11)
where M|¢ and MY, —the matrices of relationships of velocities of platforms and

generalized velocities; L{ and L}’—the coordinate system transformation matrices;
q}"—the generalized coordinates of AP; q?b—the generalized coordinates of BP.
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4 Warehouse Loader Robot Model

The warehouse loader robot, which we are considering, has a modular design, an
element of which is the basic unit of SEMS, whose platforms can change their
dimensions symmetrically. The design and models of which are described in detail
in the previous section. The structure of the robot model is shown in Fig. 1. Since in
Fig. 1 all the vectors are specified in the BCS, for simplicity, the superscripts of the
vectors are omitted.

Each block is described by a kinematic model (1)-(9) and a model of dynamics
(10)—(11). The blocks are fixed in such a way that the upper platform of the previous
block is the lower platform of the subsequent one. In the case of hands and the first
phalanxes of the fingers, the lower platforms of their blocks have a fixed size. The
robot head unit has a fixed size of the upper platform. For modeling, unified program
blocks are used that implement the models described above.

Each unit has the following input signals:

— the vector of control actions u;, which are control signals supplied to the actuator
motors;

— the vector of linear coordinates, which determine the position of the BP of the
simulated block in the BCS;

— the vector of angular coordinates, which determine the position of the BP of the
simulated block in the BCS;

— the vector of linear velocities of the BP of the simulated block in BCS;

— the vector of angular velocities of the elementary rotations of the BP of the simu-
lated block in the BCS;

— the radius of the BP;

— the rate of change of the radius of the BP;

— the vector of reactions and external loadings.

The output signals of the block are:

— the vector of linear coordinates, which determine the position of the AP of the
simulated block in the BCS;

— the vector of angular coordinates, which determine the position of the AP of the
simulated block in the BCS;

— the vector of linear velocities of the AP of the simulated block in BCS;

— the vector of angular velocities of the elementary rotations of the AP of the simu-
lated block in the BCS.

— the velocities of lengthening rod actuators;

— the lengths of actuator rods;

— the radius of the AP;

— the rate of change of the radius of the AP;

— the vector of reactions.

As parameters in the block are specified:

— the initial position of the elements of the warehouse loader robot;
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Fig. 1 The structure of the model of the warehouse loader robot
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the masses and moments of inertia of the block platforms at the initial moment of
time;

the initial values of the radii of the platforms;

— the initial position of the platform hinges;

the initial length of the rod actuators;

time-constants and gain coefficients for actuators electric drives.

The following numbering of blocks is adopted according to Fig. 1: a trolley (TL);
torso (TS); head (HD); left hand (LH); left palm (LP); right hand (RH); right palm
(RP); left phalanges (L.11-L33); right phalanges (R11-R33).

5 Construction of a Simplified Dynamic Model
of a Warehouse Loader Robot and Methods
for Identifying Its Parameters

The study of SEMS modules allows us to conclude that they are electromechani-
cal systems with slowly varying parameters. And it is possible to perform the lin-
earization of the original non-linear equations by analogy with the basic blocks with
unchanged geometry of the platforms. In practice, such a model can be obtained using
identification methods [16-21]. The identification task includes the determination of
such system parameters as moments of inertia, stiffness, damping and friction coef-
ficients. In the general case, the object model is described by the equation:

©(q)d + [B(q. ) + D(q)]q + C(q)q =u +f,

where q, q, —the generalized coordinates, generalized velocities and generalized
accelerations of the mechanical system respectively; @—the inertia matrix; B—the
friction coefficient matrix; D—the damping matrix; C—the stiffness matrix; u—the
control, f—the external loadings.

The low dynamics of changes in the system parameters allows the system to be
linearized at stationary points, and a lot of linear models are obtained for different
regions of the phase space:

where ©;, B;, D;, C;—the matrix of inertia, friction coefficients, damping, stiff-
ness of the linearized system for the ith stationary point respectively; O,—constant
component; Aq, Aq, Aq, Au, Af—small increments of generalized coordinates,
velocities, acceleration, control and external actions, respectively.

The presence of unmeasurable external influences complicates the identification
process, so they try to choose such operating modes of the system when its influence
is minimal. In this case, the identification method is described as follows:
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1. The measured coordinate of the state vector x and the control signal are selected
u.
2. The transfer function of the system is based on the selected variables:

W(s) = ;% =H,[©;5 + [B; + D;ls + C;] 'Hy,

where H;—the measured output matrix, Hy—the control matrix, s—the complex
variable.

3. If the main source of information is frequency characteristics, then the system
model will be sought in the form:

W(jw) = H,[C; — ©;0” + [B; + Dilwj] H,,

where j—the imaginary unit, o—the frequency. Then the identification task is
formulated as:

C;,0;,B;.D; o,

oy
J= min { 3 [(lW(ja))l — |W*(jo)|)* + A(arg W(jo) — arg W*(ja)))Z]},
with restrictions on the measurement ranges of model parameters, where
W#*(jw)—the experimentally obtained characteristic of object, ~—the weight
coefficient, w;, wy—the upper and lower limits of the frequency range.

If time signals are used as a source of information, then it is necessary to build a
model in the form of a discrete filter. Then a time period of quantization is selected
based on the dynamics of the object. With the help of the z-transformation, a transition
is made from the transfer function of a continuous system to a discrete one. The filter
parameters are evaluated using deterministic, least-squares identifiers. Then a system
of equations is compiled, where each parameter of the difference filter is expressed
by functional dependence through the parameters of the original system. This system
of equations has redundancy and has many solutions, so it is necessary to take into
account the ranges of changes in the parameters of the mechanical system.

Simultaneous estimation of moments of inertia and stiffness leads to ambiguity.
So in practice, the values of the moments of inertia are set, which can be calculated
using finite element models of structures, and the ranges of changes in the stiffness
coefficients of the system are also determined by the models.

The considered technique is focused on estimating equivalent stiffness, however,
when modeling mechanical systems, it is convenient to use in the description of
systems partial stiffnesses that weakly depend on changes in generalized coordinates
[22]. In linear systems, the relationship between the matrix of equivalent stiffness
and partial stiffness is established by the expression:

r'c,r =¢;,
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where I'—the topological matrix of the system, Cp—partial stiffness matrix. The
solution of this equation is performed taking into account the ranges of partial stiff-
ness variation by linear programming methods. In the general case, a topological
matrix is a function of generalized coordinates, where a change in the line of action
of an elastic coupling in space is taken into account.

6 Conclusion

The article deals with the development of kinematic and dynamic models of a ware-
house loader robot created from modules with a parallel kinematic scheme (SEMS)
with a changing geometry of the platforms. A method for constructing a simplified
model of a fork lift robot by linearizing the equations of the dynamics of the base
unit at a stationary point is proposed. The method of identification of parameters of
such a simplified model is considered. The use of such simplified models will allow
them to be used in the on-board computer of the robot for predicting and optimizing
trajectories and controlling adaptive grippers.
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Abstract Problem statement. Progress in the development of modern industrial
society is associated with the intellectualization of robotic systems, allowing to make
informed decisions in group interaction in a dynamic environment of choice. Purpose
of research: Providing autonomous robots with the ability to understand the language
of sensations to enable decision-making regarding appropriate behavior in a group of
autonomous robots under conditions of uncertainty. Results: A method of processing
sensory information in the Central nervous system of the robot in order to obtain
pragmatic information about the environment of choice is proposed. The methods of
decision-making based on pragmatic information using matrix solutions of systems
of logical equations in the description of optimization problems in the form of binary
relations are described. Practical significance: The possibility of conscious decision-
making by an Autonomous robot based on the analysis of the coordinator’s goal
of functioning, as well as the behavior and intentions of neighboring robots, the
selection of semantic data on the environment pragmatic data related to the purpose
of functioning, and the choice of genetic algorithms that most optimally lead to the
goal of functioning is shown.
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1 Introduction

One of the main features of the development of modern industrial society is the
mass use of robots and other robotic machines, both in production processes and in
everyday life.

The functioning of autonomous intelligent robots is based on information from
sensor systems regarding the environment and the state of the robot itself. Without
this information, their automatic control systems (ACS) will not be able to determine
the goals of operation and achieve these goals [1]. However, in order for these robots
to be able, without human intervention, to formulate tasks and successfully perform
them, they must have the ability to understand the language of sensations, i.e. to have
feelings such as “friend—foe”, “dangerous—safe”, “beloved—unloved”, “pleasant—un-
pleasant”, etc., formed as a result of solving systems of logical equations [2].

While having the ability to the formation of a database of images based on the
language of sensations in the central nervous system of the robot (CNSR) [3], you
receive the possibility of independent decision-making regarding appropriate behav-
ior [4]. At the same time, the formation of the behavior of an autonomous robot is
based on pragmatic information obtained by successive transformation of the mea-
suring information from the robot sensors into syntactic, then semantic and finally
pragmatic [5]. As a result, the top-level system, i.e. the system of situational control,
operating semantic [6] and pragmatic [7] information, form the behavior of the robot
in the group, i.e. determine the sequence of its actions, which in an ever-changing
environment are necessary to achieve this goal.

2 Structure of CNSR

The central nervous system (CNS) robot is based on the analogy with the CNS of
a human who has sensory organs that perceive information about the environment
and their own state. Then this information is converted into nerve impulses and
enters the brain for analysis and development of a response. In this scheme similar
to the following: RECEPTOR — NERVOUS CIRCUIT — region — IMPULSE —
RESPONSE [8]. Signals from the outside process areas of the cerebral cortex, which
are the core of the human central nervous system. Each sense organ corresponds to
certain areas of the cerebral cortex. In them there is a comprehension of information.
Another important property of human perception of the world is the presence of links
between the perceived information from different senses. However, despite numerous
studies in this area, there are still no sufficiently substantiated mathematical models
of human CNS functioning, which prevents the creation of full-fledged CNSR [3].
Currently, the solution to the problem of creating the CNSR is reduced, first of all, to
the study and development of chains such as the following scheme: (sensors, sensors
and other measuring systems of the robot) — (information channel of reception of
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Fig.1 Scheme CNSR. 1—Measuring system (sensors), 2—channel of transmission of measuring
signals, 3—block of pre-processing of measuring signals, 4—block of fuzzification, recognition and
decision-making, 5—channel of transmission of control signals, 6—block of formation of control
actions, 7—working bodies of the robot

signals and their primary processing) — (combining signals, recognition, classifica-
tion, decision-making) — (information channel of transmission of control signals,
their transformation and formation of control action) — (movement, stretching and
other actions of the working bodies of the robot) (see Fig. 1). In this case, the task of
creating the CNSR is divided into two interrelated subtasks. The first is the creation
of more advanced sensors and technical sensing systems. The second is the creation
of software tools that provide robots with the ability to understand the language of
sensations and to form behavioral processes based on the analysis of sensations, i.e.
to provide robots with the opportunity not only to reflexive reasoning, but also to
conscious ones based on the formation of pragmatic data.

The tasks of creating technical sensation systems (block 1) for robots have been
sufficiently studied and there are numerous technical products for this purpose, for
example [9-11]. Little studied and almost poorly used are measuring systems that
simulate smell and taste [12]. Methods and means of transmission and conversion of
signals in order to isolate information parameters from the signal-to-noise mixture
have been studied well enough and there is a significant number of different technical
means of transmission and filtration (blocks 2, 3, 5) of signals [13]. Also, the technical
means of forming control actions (block 6) are well studied and developed [14].

Methods of data (signals) fuzzification, logical inference and logical-interval,
logical-probabilistic and logical-linguistic methods of recognition and decision-
making are known [15]. However, the solution of the problem of creating mathe-
matical and software tools that allow robots to provide the possibility of reflexive
and conscious reasoning significantly approximating the sign systems of the latter to
those used in their daily practice, to be at the very initial stage, limited to modeling
behavioral processes based on the analysis of sensations.

Thus, the available technical solutions at this stage allow us to begin the creation
of simplified prototypes of the central nervous system. One of the most promis-
ing options for the mathematical implementation of block 4 can be the logical and
mathematical implementation of the formation of behavioral processes based on the



262 A. E. Gorodetskiy and I. L. Tarasova

transformation of sensations in the form of signals from the robot’s sensor system
into semantic and pragmatic information about the environment of choice and its
logical analysis in decision-making.

3 Processing of Information in the CNSR

Processing of sensory information in the CNSR contains the following main stages.

3.1 Quantization of the Surrounding Space in the Field
of View of the Sensor System of the Robot
with the Assignment of the Resulting Pixels Names
in the Form of a Pixel Number

To do this, place the center of coordinates of the Euclidean space E? at the center of
gravity of the robot. Then determine the boundaries of the sensitivity zones of the
sensor system: —X, +X, —Y, +Y, —Z, +Z. The result is a three-dimensional space
C C E3. This space is divided into quanta on the X-axis with a step &, Y-axis with a
step h, and Z-axis with a step /.. Quantum in the interval —X to X, assign the number

i=—-1=X/hy,...—1,0,1,..., X/h, = I. Quantum in the interval —Y to Y,
assign the number j = —J =Y/h,,...—1,0,1,...,Y/h, = J. Quanta in the
interval —Z to Z are given the numberk = —K = Z/h,,...—1,0,1,...,Z/h, =

K. As aresult, all space C will be divided into a set P = 21 % 2J x 2K pixels p;; €
P. Each p;j pixel will correspond to the information measured by the CNS sensory
system about the senses of sight, hearing, smell, taste, touch, etc.

3.2 Fuzzification of Sensory Information Work on Each
Pixel of the Surrounding Space and the Formation
in the Memory of the CNSR Display of the Surrounding
Space in the Form of Pixels with Their Coordinates
and Fuzzified Data

To do this, the sensors can be combined into groups that form the following robot
senses like a person: vision in the form of a set V; hearing in the form of a set R;
smell in the form of a set S; taste in the form of a set G; touch in the form of a set
T. In each of the introduced sets it is possible to allocate the subsets forming them
characterizing properties of the observed or studied object:
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The set of such subsets depends on the set of sensors that form the senses of
a particular robot. For example, to view you can enter the following sub-sets: V1
is the brightness of the image; V2 is a color image; V3—the flashing frequencys;
V4—the rate of change of brightness; V5—speed color changes, etc. Hearing can
be introduced following subsets: R1 volume, R2 is the tone; R3—interval; R4—
rate approximation; RS—removal rate; R6—direction. The following subsets can be
introduced for smell: §1—type of smell; S2—intensity of smell; S3—rate of increase
or decrease of smell; S4—rate of change of type of smell; S5—interval of smell, etc.
For taste, the following subsets can be introduced: G1—type of taste; G2—the power
of taste; G3—the rate of change in taste, etc. For touch, the following subsets can be
introduced: T'1—surface evenness; T2—surface dryness; 73—surface temperature,
etc.

Of the signals from the sensors of the robot for each pixel pjj by fuzzification of
the extracted logical data (vjjx; 7ijk; Sijxs &ijk: tijk). For example, for V1, we obtain
the following logical variables by fuzzification: vy is “very weak brightness”, vy is
“weak brightness”, v3; is “normal brightness”, vi4 is “strong brightness” and v;sy is
“very strong brightness”. This means that for every logical variable is associated to its
inherent attribute. In the simplest case, this attribute is the interval. In more complex
cases, the attributes can be probabilities (P{v;x = 1}) or membership functions
w(viir). Consequently, data from robot sensors are stored in memory in the form of
logical-interval, logical-probabilistic, or logical-linguistic variables [16].

3.3 Formation of Images in the Display of the Surrounding
Space for Each Sense Organ of the Robot

The formation of images is made to display the surrounding space for each sense
organ separately. In particular for vision will be the display of the surrounding space
Cy C C, for hearing Cg C C, for smelling Cy C C, for taste C; C C and for touch
Cr C C.In each of these maps, you can combine adjacent pixels with equal values of
logical variables and similar values of their attributes. Then in the spaces of the senses
Cy, Cr, Cs, Cg and Ct we get sets of images Imy, Img, Imgs, Img, Imp with certain
contours. Since the attributes of logical variables can be intervals, probabilities,
membership functions, etc., for each type of attribute it is necessary to enter a measure
of proximity §,, dp, §,. Ilocne omepanum 06beIVHEHNA MUKCEIEH B HAOOPLI
uzobpakenutt Imy, Img, Img, Img, [Im B KK IOM IPOCTPAHCTBE OPTAHOB UyBCTB
Cy, Cg, Cs, Cg 1 C7 MOKHO M300pa3UTL KOHTYPLI M300PAKEHUN U KAKIOMY
KOHTYpY npucBouTh nuMs (Fig. 1). As a result, there will be five cards Ky, Kg, K,
K and Ky with sets of image contours Imy, Img, Img, Img, Imy.
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3.4 Formation of Imagers by Combining Images
Jrom Different Senses and Assigning Names to Images
in the Form of English Words

Usually, the formation of imagers from images consists in operations on images
such as the intersection or union of ordered sets and the assignment of the result to
a particular reference imager stored in the database. If no suitable imager is found
in the database, this imager combination is given the name of the new imager that
is placed in the database for temporary storage. With repeated repetition of this new
imager during the operation of the robot, this imager becomes a reference and it is
assigned a permanent new name.

To assign a combination of imagers to a particular standard, you must enter a
measure of the proximity of ordered sets. Among the most well-known proximity
measures, the following binary functional relations can be distinguished [16]:

— evaluation of the maximum deviation of the power sets:
Yox—) vi=A @)
i i

where x; = 1 and y; = 1 for non-zero (non-empty) elements of the compared sets
M, N and respectively m; = 0 and n; = 0 for zero (empty) elements of the compared
sets, and A is a numerical estimate of the proximity

— evaluation of the standard deviation of the power sets:

\/(Zx»z - _w?r=s, 3)

where § is a numerical estimate of the proximity
— probabilistic estimate of the maximum deviation of the power sets:

D PG =Dxi— Y P(yi=ly =Ap, €

where P(.) is the probability, A p—probabilistic numerical evaluation of the prox-
imity
— probabilistic estimate of the standard deviation of the power sets:

\/(Z P(xi = Dx)> — (Y P(yi = Dyi)? = 8p, )

where §,, is a numeric probability estimation of proximity.
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The use of these binary functional relations allows to rank combinations of images
by their proximity to the reference image and at the same time allows to enter a
numerical estimate of the proximity.

The process of formation of imagers based on information from the senses of the
robot is carried out in the following sequence.

Initially searched for the presence of images that are close to the standard imagers
of the database in each of the cards Ky, Kg, K5, Kg and K7. Found images are
the names of the benchmarks. They are recorded in the CNSR observable database
together with their coordinates and are excluded from the relevant maps.

At the second stage, in the intersections of sets from Ky, Kg, Ks, K¢ and K7
maps, the presence of images close to the standard imagers in databases is searched.

At the same time, in the beginning, successive pairs of cards are superimposed
on each other (Fig. 1) with the implementation of the operation of intersection of
sets (KV N KR; KV n KS; KV N KG; KV n KT; KR N KS; KR N KG; KR n KT;
KsNKg; Ks N Ky Kg N Kr). At each intersection of the images, the presence of
images close to the database standard imagers is searched. The found intersections
of images are given names of standards. They are recorded in the CNS observable
database together with their coordinates and are excluded from the corresponding
map intersections. Therefore, in each subsequent intersection participate corrected
by the results of the removal of the map.

Then, the three cards are sequentially superimposed on each other with the opera-
tion of crossing the sets (Ky NKr N Kg; Ky NKrNKg; Ky NKr NK7; KN Kg N
Ko; KrNKsNKr; Ks N Kg N K7). Ateach intersection of the images, the presence
of images close to the database standard imagers is searched. The found intersections
of images are given names of standards. They are recorded in the CNSR observable
database together with their coordinates and are excluded from the corresponding
map intersections. Therefore, in each subsequent intersection participate corrected
by the results of the removal of the map.

Then, four cards are sequentially superimposed on each other with the operation
of crossing the sets (Ky NKg NKs N Kg; Ky NKr NKsNKp; Kg NKs N Kg N
K 7). At each intersection of the images, the presence of images close to the database
standard imagers is searched. The found intersections of images are given names of
standards. They are recorded in the CNSR observable database together with their
coordinates and are excluded from the corresponding map intersections. Therefore,
in each subsequent intersection participate corrected by the results of the removal of
the map.

Next, all five adjusted maps are overlaid on each other (Ky N Kx N Kg N K¢
N K7). In the intersection of images, the presence of images close to the database
standard imagers is sought. The found intersections of images are given names of
standards. They are recorded in the CNSR observable database together with their
coordinates and are excluded from the corresponding map intersections.

In the third stage, the combinations of sets of maps Ky, Kg, Ks, Kg and Kt are
searched for the presence of images close to the standard imagers in the databases.
At the same time, it is similar at the beginning of the operation of combining two
sets (KV U KR; KV @] KS; KV U KG; KV U KT; KR @] KS; KR U KG; KR @] KT;
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KS U KG; Ks U KT; KG U KT), then three—(KV U KR U KS; KV U KR U KG; KV
U KR U KT; KR U KS U KG; KR U KS U KT; KS U KG U KT), quLIpex—(KV
U KR U KS U KG; KV U KR U KS U KT; KR U KS U KG U KT) and ﬁve—(KV
U Kr UKgs U Kg U K7). The found image associations are assigned the names of
the standards. They are recorded in a database of the observed data CSR together
with their coordinates and are excluded from the relevant associations of the cards.
Therefore, in each subsequent Association, the maps adjusted according to the results
of the deletions participate.

At the fourth stage, the symmetric difference sets from Ky, Kg, K5, K and K7
maps are searched for the presence of images close to the standard imagers in the
databases. In this case, it is similar to the first implementation of the operation of the
symmetric difference of two sets (Ky A Kg; Ky A Kg; Ky A Kg; Ky A K73 KR
A KS; KR A KG; KR A KT; KS A KG; KS A KT; KG A KT), then three—(KV A
KR AKS;KV AKR AKG;KV AKR AKT;KR AKS AKG;KR AKS AKT;KS
A Kg AKrp), four—(Ky A Kp A Ks AKg; Ky AKr AKs AKp; Kp A Kg A
Kc A K7) and five—(Ky A Kg A Ks A Kg A K7). The found symmetric image
differences are assigned the names of the standards. They are recorded in a database
of the observed data CNSR together with their coordinates and are excluded from
the relevant associations of the cards. Therefore, in each subsequent association, the
maps adjusted according to the results of the deletions participate.

If any more intersections, joins, or symmetric differences are corrected, they are
given new names in the form of a new word of English letters. They are also recorded
with their coordinates in the database of the observed data of the CNSR and the
corresponding message is transmitted to the community of robots to legitimize the
new reference word and its corresponding image.

Thus, in the database CNSR formed semantic data about the robot’s space, based
on which a robot accepts behavioural solutions [4] using the stored knowledge base
of the robot behavioral model algorithms. These algorithms are recorded in the
knowledge base robot at the stage of its creation, based on its purpose. Therefore,
such algorithms will be called genetic. However, after the formation of a database
of semantic data about the surrounding space of the robot may be that in the same
place of space partially or completely there are two or more imagers. Therefore, it is
necessary to adjust the semantic database in order to eliminate the detected collisions.
This adjustment is closely related to the formation from semantic data—pragmatic,
relevant to the problem being solved by the robot at the moment.

For example, if a robot-car is faced with the problem of accident-free passage
of the intersection, then it requires the formation of images for displaying the sur-
rounding space only from the sense organs of vision CyC C and hearing CxC C.
Accordingly, the process of obtaining pragmatic information to solve the problem is
sharply reduced.
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4 Genetic Robot Algorithms

In general, we can distinguish five large interacting modules of robot behavior algo-
rithms.

4.1 Module 1 Saving Lives

This module contains algorithms that, based on the analysis of imagers in the sur-
rounding space and their own state, form the movements of robots in such a way as to
avoid collisions and hits in hazardous areas of the environment, as well as algorithms
for moving to favorable zones with dynamic changes in the environment. In addition,
there may be algorithms of environmental impact in order to change it for the most
comfortable of its own functioning.

4.2 Module 2 Self-improvement

This module contains algorithms for adapting the robot’s own subsystems to changes
in the environment, as well as algorithms for optimizing the subsystems and the robot
as a whole for the purposes of performing certain tasks coming from higher-level
systems (coordinators) or from the systems of planning their own behavior.

4.3 Module 3 Curiosity

This module contains algorithms for finding new imagers in the environment by
improving the sensor system of the Central nervous system, adding new sensors and
improving the methods of processing sensory, syntactic and semantic data.

4.4 Module 4 Training

This module contains search algorithms for obtaining new knowledge about the
properties of the environment by trial and error, as well as the synthesis of new
behavioral algorithms for previous modules based on the analysis of options for
responding to changes in knowledge about the environment.
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4.5 Module 5 Creating Your Own Kind (Continuation
of the Genus)

This module contains algorithms for the synthesis of similar robots with the search
and use of appropriate objects in the environment.

5 Methods of Decision-Making Based on Robot Reflections
in the Environment of Choice

A robot’s decision about its own behavior can be reflexive and conscious. In reflexive
decision-making robot based on semantic data selects the behavioral algorithm from
the modules of genetic algorithms described above the one with the highest priority.
Setting priorities is carried out at the design stage by solving an optimization problem
using mathematical programming methods [17]. For example, if there is an object
in the environment that is dangerous and which moves in the direction of the robot,
then the robot takes to the implementation of the algorithm of leaving the trajectory
of this object, since the preservation of life for it has the highest priority.

When making a conscious decision, the robot analyzes the coordinator’s goal of
functioning, as well as the behavior and intentions of neighboring robots, selects
from the semantic data on the environment pragmatic data related to the purpose of
functioning, and then selects from the genetic algorithms those that most optimally
lead to the goal of functioning. In this case, different approaches to decision-making
can be used.

In deductive decision-making process of thinking in the CNSR begins with the
global level and then goes down to the local. The technical analogue of this type
of thinking can be the process of optimization, when first, on the basis of available
information, the best solution is sought out of all possible, and then, by checking on
the basis of available information, all restrictions, the solution is corrected.

The choice of the optimal solution from all ui solutions can be carried out in
different ways. The most simple case, to use methods of mathematical programming
[17], when required to compute an n-dimensional vector U that optimizes (paying
in a minimum or a maximum depending on the substantive problem definition) the
criterion for the quality of the solutions fo(U) subject to constraints f;(U) < cj, j €
1,2,...r; u € W, where f;(U) are known scalar functions, c;—assigned number,
W is a predetermined multiple n-dimensional space.

In the case where the constraints describing the selection environment are given
in the form of logical-probabilistic relations [16], i.e. when the attributes of logical
variables in the equations describing the constraints are probabilities P{u; = 1}, the
quality criterion can be expressed as follows:

fo(U) = P{u; = 1} - max. (6)
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The probabilities P{u; = 1} can be calculated approximately according to the
algorithm described in [18].

If, as a result of the analysis of data in any CNSR, it is revealed that the influence
of certain components of y; on the behavior of the robot is different, then the quality
criterion (6) is advisable to lead to the form:

SoU) = B; P{u; = 1} — max, @)

where f;—assigned weights.

In the case where the constraints describing the selection environment are given
in the form of logical-linguistic relations [16], i.e. when the attributes of logical
variables in the equations describing the constraints are the membership functions
w(y;), the quality criterion can be expressed as follows:

foU) = p{u;} — max. ()

The values of the membership functions p(yi) can be calculated using the algo-
rithms described in [16].

If, as a result of the analysis of data in any CNSR, it is revealed that the influence
of certain components of y; on the behavior of the robot is different, then the quality
criterion (8) is advisable to lead to the form:

fo(U) = Bip{u;} — max )

In the case when the constraints describing the selection environment are given in
the form of logical-interval relations [16], i.e. when the attributes of logical variables
in the equations describing the constraints are intervals A;; = [a . bji], the quality
criterion can be expressed as the following expressions:

foU) = kji(bji—aj;) — min, (10)

foU) = [kji(bji—a;;) — cji]* — min, (11)
foU) == [K2,(b;i—b%)* + (a;; — a%)]* — min, (12)
JoU) = [y (bji—b%)* + k%;(aji — a%)]* — min, (13)

jis k? i+ k§;—are the coefficients of the preferences of decision makers (PDM)
on the optimality, ¢;—the requested PDM width of the interval, b?l. ,
decision maker the boundaries of the intervals.

After calculating the quality criteria of all possible solutions in accordance with
Egs. (6), (7)—with the logical-probabilistic description of the uncertainties, or (8),

(9)—with the logical-linguistic description of the uncertainties, or (10)—(13)—with

where k
a?i —the desired
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the logical-interval description of the uncertainties, all found solutions are ranked.
The solutions are then tested for the feasibility of other constraints describing the
eigen state of the robot, starting with the first one having the highest quality criterion.
In this case, the first of the tested solutions satisfying these constraints is considered
optimal.

When inductive decision-making process of thinking in the CNSR begins with the
analysis of individual decisions and then goes to find a common, global conclusion.
The technical analogue of this type of thinking can be the process of optimization,
when first, on the basis of available information, all solutions are checked for the
feasibility of restrictions describing their own state, and then the best solution is
sought out of all possible under the conditions of restrictions of solutions according
to the criteria of type (6)—(13).

According to Pearce, cognitive activity in the Central nervous system is the inter-
action of abduction, induction and deduction [19]. In this case, the abduction carries
out the adoption of plausible hypotheses by explaining the facts, by induction testing
of hypotheses is realized, and by deduction from the accepted hypotheses the con-
sequences are deduced. The technical analogue of this type of thinking can be the
process of finding the optimal solution by analogy, when from all possible solutions
are first selected by methods of pattern recognition [15] those solutions that are clos-
est to the existing solutions stored in the database of the CNSR and gave good results
in the past. Then you can use deductive and/or inductive decision-making methods
on the quality criteria (6)—(13) to choose the best.

Comparing the described methods of decision-making, it can be concluded that the
abduction method is the fastest by analogy with intuition, but its reliability depends
on the completeness of the database of good decisions from past experience, i.e.
strongly depends on the time of operation of such robots in similar environmental
conditions. The deductive method is faster than the inductive method with a large
number of constraints, since it does not require constraint checking for all solutions.
With complex quality criteria and a small number of restrictions, the inductive method
can give a faster result, as it will reject the search for a solution by complex quality
criteria for solutions that are unacceptable by restrictions.

However, for intelligent systems, as a rule, it is not possible to form a scalar
quality criterion. Then the choice of the optimal solution from all &; solutions can be
carried out by methods of mathematical programming in ordinal scales, generalized
mathematical programming or multistep generalized mathematical programming
[16, 20]. In this case, the problem of finding the optimal solution is the problem
of choosing the “best” (in the sense of the binary ratio gg) among the permissible
solutions, i.e. as close as possible to the reference solution u,. It is required to find
one solution up—this being the binary correlation subject to the binary relations that
describe constraints:

uoqois (14)

usqjcj, (15)
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uoqjcj, (16)

where j = 1,2, ..., n, (u,, up) € W.

In the simplest case, the binary relations go and g; can be numbers 0 and 1. Then
the optimal solution is gy = 1 and g; = 1. Naturally, the search for such a solution will
be unlikely. Therefore, when determining the optimal solution of ¢, and, accordingly,
g; should be expressed as logical equations in the Zhegalkin algebra [21] reduced to
the matrix form [22]:

AoU = Q,, a7)

A,C =0 (18)

where Ay and A;—identification strings containing 0 and 1 in a given order, U—vector
of logical variables characterizing the behavior of the Autonomous robot, C—vector
of logical variables characterizing the environment, Q,—vector of logical variables
characterizing the proximity of the robot’s behavior to the standard, Q;—vector of
logical variables characterizing the limitations of the environment.

Dimensions Ag and U, as well as A; and C coincide. The attributes of the logical
variables in Egs. (6) and (7) can be probabilities, membership functions, and score
estimates set by the decision maker.

6 Conclusion

Wherever there is a group of complex intelligent technical objects that must work
together to perform some work or solve some problem, there is a problem of find-
ing the optimal algorithm for decision-making for each control object, for example
autonomous robot. At the same time, the formation of the behavior of an autonomous
robot is based on pragmatic information obtained by successive transformation of
the measuring information from the robot sensors into syntactic, then semantic and
finally pragmatic information into the CNSR. As a result, the situational control sys-
tem forms the behavior of the robot in the group, i.e. determine the sequence of its
actions, which in an ever-changing environment are necessary to achieve this goal.
A robot’s decision about its own behavior can be reflexive and conscious. In reflex-
ive decision-making robot based on semantic data selects the behavioral algorithm
from the available genetic algorithms the one with the highest priority. When mak-
ing a conscious decision, the robot analyzes the coordinator’s goal of functioning, as
well as the behavior and intentions of neighboring robots, selects from the semantic
data on the environment pragmatic data related to the purpose of functioning, and
then selects from the genetic algorithms those that most optimally lead to the goal of
functioning. Different approaches to decision-making can be used: deductive, induc-
tive and abductive decision-making. The abduction method is the fastest by analogy
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with intuition, but its reliability depends on the completeness of the database of good
solutions from past experience, i.e. it strongly depends on the time of operation of
such robots in similar environmental conditions.

In determining the optimal solution under conditions of not complete certainty
based on binary relations, the latter can be expressed as logical equations in the
Zhegalkin algebra reduced to a matrix form, which makes it easy to parallelize the
process of finding the optimal solution.
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Abstract Problem statement: assembly and service robotized space module
(ASRSM). An important feature of the system that determines the specifics of the
controlled motion modes is the presence of a free (movable) base in the inertial space.
The authors consider the problem of situation control over the movement of large
cargo in relation to a moving platform with the help of a manipulator. Purpose of
research: Under specific conditions for the mode with the absence of superposed
forces some reduced system can be considered as a control object. In this case the
use of the reduced system proper motions corresponding to the initial system inertial
motions in terms of their internal degree of freedom is efficient at control synthesis in
the number of situations. In particular, the control over cargo movement in relation to
the moving platform built with the use of “ballistic”’ motions of the reduced system is
optimal for energy input minimization. Results: It is demonstrated that for the plane
motion of a robotized module with a single-level manipulator the reduced system is a
non-linear oscillatory system. In addition to mass-inertia and geometrical properties
of the initial system (mechanical design model of a robotized space module), the
reduced system proper motions are also defined by the initial system kinetic momen-
tum. The initial system kinetic momentum depends on the initial motion conditions
for some current operation mode defined by the previous operation mode of the
robotized space module in the situation control problem. The problem of bringing
the system from some initial position to some required one is considered. It is shown
how the nature of control changes depending on the changes of the phase portrait
determined by the conditions of situational control.
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Large space structure (LSS)

Assembly and service robotized
space module (ASRSM)

Fig. 1 Robotic assembly of large space structure

1 Introduction

Analysis of the current state of space robotics [1-13] shows the prospects of the
concept of automated assembly of large space objects with the help of assembly and
service robotized space modules (ASRSM). The problem of situational control of
the movement of massive cargo relative to the movable base in the performance of
installation and service operations with the use of ASRSM (Fig. 1).

In [10, 13-19] the urgency of the special modes of controlled motion of the
MRCM, an important feature of which is the lack of external forces and moments in
relation to the system, is noted. Shown [14—19], that introduction in consideration of
the reduced system provides an opportunity of visual qualitative research of a question
of use of own movements of system on degrees of mobility of the manipulative
mechanism at construction of control.

2 The Proper Motion of the Reduced System

Let us consider the case when a space module (SM) with a massive payload (PL) in
the capture of a single-stage massless manipulator makes a flat motion in the absence
of forces external to the «SM-manipulator-PL» system.

Masses of SM and PL—m and m, respectively, J; and J,—moments of body
inertia SM and PL in respect to the centers of mass C| and C,, /; and /,—distance
between centers of mass and a joint A. The motion is viewed in respect to the
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Payload (PL) "2 s Jz

¥

.'Space module (SM)

Fig. 2 «SM-manipulator-PL» system

nonrotating inertial coordinate system XCY originating in the system’s center of
mass C. Position relative to XCY is defined by angle ¢, which describes absolute
motion of the platform, and joint angle g, which describes motion of the load in
respect to the platform (Fig. 2).

In [16, 18, 19] the author shows that the considered initial system can be put
in accordance with the reduced nonlinear oscillatory system with one degree of
freedom, the proper motion of which is described by the equation

(N +mid)(Jo + ml3) — m?1}3 cos® q
(J1 + Jr + ﬁillz + nﬁlg + 2mlyl, cos q)
il sing(Jy 4+ ml + mlyly cos q) (J2 + mi3 + mlyl; cos q)
K (I + Jo + 2 + l2 + 2ily 1, cos q)

I
e L =0, )
(J] + J> —{—ml% +ml§ +2mll, COSC])

where L—the kinetic moment of the initial system, which remains unchanged by
virtue of the assumptions

L=¢(Ji+ ]+ ml? 4 ml? + 2ml 1, cosq)
+ Q(Jz +ml3 + mll; cos q) = const. 2)

With the aim of qualitative analysis of the dependence of the eigenmovements
of the reduced system on the quantitative characteristics of the investigated mode of
motion, we give a visual interpretation of the kinetic moment L, which is a parameter
of Eq. (1).
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Fig. 3 Rotation of the
«SM-manipulator-PL»
system as a solid

¢, =Q = const

Let the initial system in the position ¢ = 0 (the hinge A and the center of mass
of the system C are located on a straight line passing through the centers of mass of
bodies C; and C,) rotates relative to the center of mass C with a constant angular
velocity Q¢ (Fig. 3).

The reduced system is in the «lower» position of stable equilibriumg = 0, ¢ = 0,
and the kinetic moment of the initial system L and the kinetic energy of the initial
system 7T}, are determined by the relations

L =JcS2c, 3)

y_lﬁ 4
-IC c — ) ()

T:
L 2 Jc

1
2
where Jc—the moment of inertia of the system «SM—manipulator—PL>» in position
g = 0 relative to the axis passing through the center of mass C

Jo = Iy + Jo + ml} 4+ mi2 + 2mlyls. (5)

Thus, in accordance with (3), the kinetic moment L is a linear function of the
angular velocity ¢, uniquely determined by the kinematic parameters of the motion
of the initial system at the time of termination of the external forces (for example, at
the time of switching off the engines SM). In the problem of situational control of
any set of initial conditions, <pfo), G, ¢ corresponds to a certain angular velocity
Qc, which is thus a visual characteristic of the considered mode of motion of the
original system.

In case

9" =Qc. ¢V =04 =0. (©)

the kinetic energy of the reduced system and the potential energy of the reduced
system [16, 18, 19] are zero
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g0 _ LU HAR) (48 il eos’q oy
2 (U 4 o+l + i3 + 21 cos g©) ’
o _ 1 1 2
P 2 (i + 4 il + mi3 + 2mlyl; cos g©)
1 ! L*=0. 8)
2 (i + Jo +mlf +mls + 2mll)

Suppose now that the internal forces (for example, the control moment M in
the hinge) act on the system for some time. Let the angular velocity SM, the hinge
coordinate and the hinge velocity have some nonzero values ¢19, go and gy at the end
of the action of the internal forces. At the same time, it is obvious that in general

¢10 # Qc. )

The kinetic moment L of the initial system does not change the value. Thus, ¢,
qo and g are related by the ratio

L= JcQc = ¢io(Jy + Jo + ml} + mly + 2l 15 cos go)
+ Go(J» + ml3 + milily cos qo). (10)

The kinetic energy of the system will increase, and will be equal to
T =T, + E, an
where T is still determined by the ratio (4), and the term Ej is the total energy of

the reduced system, equal to the sum of the kinetic energy of the reduced system and
the potential energy of the reduced system

Eo = Exo + Epo. (12)
L(dy +ml) (S + ml3) — BB cos’q
Exo = Etlg=go.4=30 = 5 =12 | ~12 P> q ’
2 (J1 + Jo +mly +mi; +2mlllgcosq) o
4=490.9=40
1 ( +ml)(J2 + mi3) — m*315 cos* qo ., a3)
T 2 (I + S+ Ml + 2 + 2y cos go) 0
Epo = Ef’lq:qo» 4=do

1 1 1

2
=L
2 ((Jl+J2+n‘zlf+;ﬁ1§+2rmllzcosq) (Jl+12+mlf+,m§+2mzlzz))

9=40. 4=40

1 1 1
L?— - L2 (14)
(Jl Ty w2 4 i3 20l L cosqo) 2 (11 N e T 2@1112)

| -
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Next, the system makes its own motion, determined by Eq. (1) with the initial
conditions gg and ¢y. In this case, there is an integral of energy

Ey+ E, = Ey = const, (15)
where

E__Nh+%ﬁxh+ﬂ@—%%gw¥qq 16
“T 2 + S+l + 2 + 2l cosq) |

1 1 5
E,=~ — L

2 (Jl + Jo +mly + mly 4 2mli 1, cosq)

1 1 )
- = L7, (17)

2 (Jy + Jo + mli + mi3 + 2mlyl,)

which is an equation of the family of phase trajectories of the reduced system. The
total energy E of the reduced system determined in accordance with (12)—(14) initial
conditions g and gy is a parameter of the family of phase trajectories.

At Fig. 4 the phase portrait of the reduced system corresponding to the initial
system with the following mass-inertia and geometric parameters is shown

my = my = 2500 kg,
Ji = J, = 7000 kg - m?,
l] =lz= 1.5m. (18)

The parameters (18) approximately correspond to the parameters of the SM and
the manipulator of the ETS-VII experiment [5, 6]. It is assumed that the mass and
moment of inertia of PL are equal to the mass and moment of inertia SM.

The angular velocity Q¢ of the system in the configuration shown in Fig. 3,
determining the kinetic moment L, is

rad
Qc =0.05 —. (19)
K

As shown in [16, 18, 19], at a given kinetic moment L, depending on the initial
conditions g and g, two types of eigenmovements of the reduced system are possi-
ble—oscillations relative to the lower position of stable equilibrium g =0, ¢ =0
and rotation. The corresponding groups of phase trajectories are separated by a sep-
aratrix. At Fig. 4 it is easy to see that the phase portrait of the proper motions of the
reduced system is qualitatively similar to the phase portrait of the proper motions
of the mathematical pendulum. From (15)—(17) it follows that the movement of the
separatrix corresponds to the value of the total energy

! 2ot ! L2, (20)

Es =
(J] NN Te T 2@1112) 2 (11 iy 2 il 4 2:4'11112)

| =
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’ { rad W

Fig. 4 Phase portrait of own movements the reduced system at Q¢ = 0.05 %

which is equal to the potential energy of the system in the “upper” position of unstable
equilibrium ¢ = £+ rad. Therefore, since the kinetic energy of the system is equal
to the total energy (20) when passing the “lower” position of the stable equilibrium,
we have

g LR () R e
2 (I + o+ mlf 4+ ml3 — 2mlyl) ™
From (20) and (21), taking into account (3) and (5), the velocity ¢gM#* of the
passage of the reduced system moving along the separatrix, the “lower” position
of the stable equilibrium, which is thus a visual characteristic of the motion of the
reduced system, can be determined.
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3 Change of Phase Portrait of the Reduced System
at Change of the Kinetic Moment of the Initial System

An important feature of the studied problem of situational control is the dependence
of the potential energy of the reduced system (17) on the kinetic moment of the
initial system L. In the absence L of potential energy (17) is reset. Thus, there is not
only a quantitative, but also a qualitative dependence of the properties of the reduced
system as an object of control on the motion parameters of the original system at
the time immediately preceding the transition to the considered mode of absence of
external forces.
It follows from (3), (20) and (21) that at a fixed value Q¢ there is a relation

, 4l Ly (Jy + Jo + 2 + w3 + 2l
q = — — — — — — Qc.

(22)

We introduce dimensionless coefficients

0<a <1,
oy > 1. (23)

Consider the following modification options Q¢

Qc1 = a1Qc < Qc, (24)
Qer = Qe > Q. (25)
It follows from (22) that
gmax _ o gmax . jmax (26)
Gmax _ g gmax . zmax 7

AtFig. 5 shows the phase portrait of the proper motion of the system corresponding
to the original system (18) with Q¢; = 0.75 Q¢ = 0.0375 ”;—d.

AtFig. 6 shows the phase portrait of the proper motion of the system corresponding
to the original system (18) with Q¢ = 1.25 Q¢ = 0.0625 ”:—,d.

AtFig. 7 shows the phase portrait of the proper motion of the system corresponding
to the original system (18) with Q¢3 =0 % .
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Fig. 5 Phase portrait of own movements the reduced system at Q¢ = 0.0375 %

Each figure shows seven phase trajectories. Energy levels of phase trajectories
having the same number are the same in all cases. Accordingly, the points of inter-
section of phase trajectories with the ordinate axis coincide, since in the position
q = 0 the kinetic energy of the reduced system is equal to its total energy.

From a comparison of Figs. 4 and 5 it is seen that as the kinetic moment of the initial
system L decreases, the energy level of the separatrix decreases, and the separatrix
for the reduced system in Fig. 5 is the phase trajectory of 3. At Fig. 4 phase trajectory
3, having the same energy level, corresponds to the oscillatory motion of the reduced
system. Phase trajectory 4 in Fig. 4 is a separatrix, and in Fig. 5 corresponds to the
rotations.

From a comparison of Figs. 4 and 6 it is seen that as the kinetic moment of
the initial system L increases, the energy level of the separatrix increases, and the
separatrix for the reduced system in Fig. 5 is the phase trajectory of 5. In Fig. 4 phase
trajectory 5, having the same energy level, corresponds to the oscillatory motion
of the reduced system. Phase trajectory 4 in Fig. 4 is a separatrix, and in Fig. 5
corresponds to oscillations.
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Fig. 6 Phase portrait of own movements the reduced system at Q¢ = 0.0625 %

From a comparison of Figs. 4 and 7 it is seen that when the kinetic moment of
the initial system L is zeroed, there is a qualitative change in the phase portrait of
the reduced system. In the absence of the kinetic moment of the initial system, all
the proper motions of the reduced system represent a rotation.

4 The Use of Their Own Movements of the Reduced
System in the Control

The question of using the proper motions of the reduced system in the construction
of the control is considered, in particular, in [17-19]. The controlled motion of the
reduced system is described by the equation

(N1 +mid) (o + mi3) — m?1}3 cos® q
(J] + J, + n71112 + I’hl% + 2mlyl, cos q)
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Fig. 7 Phase portrait of own movements the reduced system at Q¢ = 0 %

+ ,mlilh sinq(J1 + ﬁzll2 + mlyl, cos q)(Jz + ﬁzl% + mlyl, cos q)
q
(41 + Jo + ml? + w2 + 2yl cos q)°

mlyl, sing

(1 + Jo + ml} + w2 + 21l cos )’

+ L7 =M, (28)

where M—the control moment at the joint of the manipulator.

We will consider the problem of control as the problem of translation of the
depicting point from position (g, go) to position (g, gx). In accordance with the
criterion proposed in [20], the optimal control from the point of view of energy costs
will be that provides a minimum of functional

J(to, ) = / Ml 29)
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Itis obvious that in the case of the self-motion described by Eq. (1) along a ballistic
trajectory containing points (qg, go) and (g, gx), the control will be optimal in the
sense of criterion (29).

The pulse control will also be optimal, at which the velocity of the reduced system
for a negligible period of time changes by a finite value (without changing the sign
of the velocity) in such a way as to transfer the system to some point of the phase
trajectory containing the point (gx, gx).

In this case, in the problem of situational control it is necessary to take into account
the nature of the above dependence of the natural movements of the reduced system
on the kinetic moment of the initial system L.

Let us consider as an example the source system (18) and the corresponding given
systems at Q¢ = 0.0625 4 (Fig. 6), at Q¢ = 0.05 " (Fig.4),at Q¢ = 0.0375 ™4
(Fig. 5) and at Q¢ = 0 ““ (Fig. 7).

We formulate the problem of translation of the depicting point from the position

q =0, go=q; " (30)
into position
O0<g<m go=0 (31)
in finite time
T=h—1l (32)
no size limit 7, = #;, — ty.
In case
a = a3, (33)
where ¢¥X_the maximum deviation from the equilibrium position of the trajectory

3 of the reduced system at Q¢ = 0.0625 %, the system comes to the required
position as a result of its own uncontrolled movement along the ballistic trajectory
(Fig. 8).

In case

0<qr < g™ (34)

the system can be brought to the desired position by means of a single pulse braking,
at which the speed decreases abruptly (Fig. 8). The total energy of the reduced system
is also reduced. This control will be optimal in terms of minimizing the functional
(29).

In case
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Fig. 8 Transfer the reduced system at Q¢ = 0.0625 ﬂ into position 0 < g < qmaxv go=20
with the preservation or reduction of its total energy

g <q<m (35)

the system can be brought to the desired position by means of a single pulse acceler-
ation, at which the speed increases abruptly (Fig. 9). The total energy of the reduced
system is increased. This control is also optimal in the sense of minimization of
functional (29).

It should be noted that in order to bring the system to a position in a finite time with
the help of pulse control, it will be necessary to transfer the system to a trajectory
with an energy level above the energy level of the separatrix, followed by braking.
This control will not be optimal from the point of view of minimization of functional
(29).

In the case of the reduced system at Q¢ = 0.05 % to bring it into position
@M < g < ¢333% you will not need a pulse acceleration, as in the case Q¢ =
0.0625 ”S’d, a impulse braking (Fig. 10).

Since for the reduced system at Q¢ = 0.0375 ”’d trajectory 3 is a separatrix
(Fig. 5), ballistic movement followed by pulse braking for afinite time can be reached
any position
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Fig. 9 Transfer the reduced system at Q¢ = 0.0625 "< into position g1 < g, <7, go =0

with an increase in its total energy

0<gr<m go=0. (36)

At Qc =0 % all their movements are Rugbymania, and ballistic movement
followed by pulse braking for the final time can be achieved any position (31) for an
arbitrary value of the speed ¢ of the system when gy = 0.

This example illustrates the features of the use of own movements of the system
in the problem of situational management.

5 Conclusion

The article considers the use as the control object of the reduced system, put in
accordance with the original system «SM—manipulator—PL», functioning in the mode
of controlled movement of PL relative to SM in the absence of external forces.
Investigated the question of using the proper motions given system when building
control. The qualitative and quantitative changes of the phase portrait of the reduced
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Fig. 10 Transfer the reduced system at Q¢ = 0.05 " into position ¢M* < g, < ¢iHaX with
the preservation or reduction of its total energy

system depending on the mode of motion of the initial system are analyzed. Examples
illustrating the features of situational management in relation to the reduced system.
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